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Preface 

There is a broad usage of solid propellants in various propulsion 
and gas-generation systems. Engineers and scientists working on 
such systems are continuously challenged by problems involving 
complicated aerothermochemical processes. Solution of these 
complicated processes requires a good understanding of many 
branches of science and engineering, including chemistry, fluid 
mechanics, heat transfer, turbulence, thermodynamics, solid 
mechanics, rocket propulsion, material sciences, mathematics, and 
numerical methods for partial and ordinary differential equations. 

The specific objectives for publishing this new volume in the 
AIAA Progress in Astronautics and Aeronautics series are: 1) to 
present historical and state-of-the-art developments of various 
aspects of solid-propellant combustion studies so that this volume 
can be used as a basic reference; 2) to develop a systematic text- 
book that serves as tutorial material for beginners learning the 
necessary fundamentals of solid-propellant combustion 
processes; 3) to suggest future research areas and directions by 
identifying technological gaps in different areas of solid-propellant 
combustion; and 4) to encourage further advancements in solid- 
propellant propulsion systems so that future systems can be designed 
and developed with higher efficiency, greater reproducibility, and 
maximum safety considerations. 

Several outstanding books have been published in the areas of 
solid-propellant combustion and rocket propulsion. These include: 
the first volume in the AIAA Progress Series entitled Solid 
Propellant Rocket Research, edited by Martin Summerfield in 1960; 
Solid Propellant Rockets by Clayton Huggett et al., published by 
Princeton University Press in 1960; Rocket Propulsion by Marcel 
Barrere et al., published by Elsevier Publishing Company in 1960; 
and an AGARDograph entitled Fundamental Aspects of Solid 
Propellant Rockets, by Forman A. Wiliams et al., published in 1969. 
George Sutton et al. have also presented several editions of Rocket 
Propulsion Elements, published by John Wiley & Sons from 1949 
through 1976. All of these books have been useful, especially when 
first published; however, due to significant advancements in the 
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solid-propellant combustion field during the last three decades, there 
is a definite need for a new book containing the most up-to-date 
information on this subject. 

Several other books treat the subject of solid-propellant com- 
bustion in the context of special applications, in particular, guns. 
The earliest well-known book on gun ballistics, The Theory of the 
Interior Ballistics of Guns, was written by J. Corner and published 
by John Wiley & Sons in 1950. Other books in the area of gun 
ballistics include: Internal Ballistics by F. R. W. Hunt, published by 
His Majesty’s Printing Office, London, in 1951; The Theory of 
High Speed Guns by A. E. Siegel, published as an AGARDograph in 
Paris in 1965; and Interior Ballistics of Tube Weapons and Solid 
Propellant Rockets by M. E. Serebryakov, published by the State 
Scientific and Technical Publishing House, Moscow, from 1942 to 
1962. The most recent book in this area, edited by Herman Krier and 
Martin Summerfield, is Interior Ballistics of Guns, published as Vol. 
66 of the AIAA Progress in Astronautics and Aeronautics series in 
1979. Even though these books contain material on solid-propellant 
combustion, they emphasize the interior ballistic performance of 
gun systems rather than fundamental aspects of solid-propellant 
combustion. 

In the specialized area of deflagration-to-detonation transition, A. 
F. Belyaev et al. have written a book entitled Transition from 
Deflagration to Detonation in Condensed Phases, published by the 
Academy of Sciences of the USSR in 1973. This book deals 
specifically with transient phenomenon and is useful in that ap- 
plication; however, it does not provide a general background of 
solid-propellant combustion. In view of the status and objectives of 
the existing books, it is obvious that this new book is needed and will 
be important as a reference document for the future advancement of 
solid-propellant propulsion devices. 

Due to the diversity and breadth of the field, this volume contains 
contributions from many distinguished researchers who speak from 
their respective areas of expertise in solid-propellant combustion. 
Each of the fifteen chapters provides a survey of previous work in 
the subject area, a detailed description of important theoretical 
formulation and experimental methods, relevant experimental and 
theoretical results, and technological gaps and future research 
directions. 

The first chapter, contributed by N. Kubota, provides an excellent 
tutorial introduction of the performance of solid-propellant rocket 
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motors and a general survey of solid-propellant combustion charac- 
teristics. The next three chapters deal with different aspects of the 
chemistry of pyrolysis, ignition, and combustion of solid 
propellants. Chapter 2, authored by K. Kishore and V. Gayathri 
presents the basic chemistry of ignition and combustion of AP-based 
propellants as well as the roles of oxidizers, binders, catalysts, and 
ambient conditions in ignition and combustion. The third chapter, 
by T. L. Boggs, consists of pertinent information on the thermal 
behavior of RDX and HMX and a clear delineation of the 
sublimation, pyrolysis, ignition, and self-deflagration of these 
nitramine ingredients. Detailed kinetics of NC, HMX, and RDX 
decomposition, catalysis of nitramine propellants, and an interesting 
discussion of flame-zone chemistry appear in the fourth chapter, 
written by R. A. Fifer. 

Chapters 5 and 6 cover ignition and flame spreading in solid 
propellants. Chapter 5, contributed by C. E. Henna nee, gives a 
detailed description of various types of ignition experiments and 
theories, including solid-phase, heterogeneous, and gas-phase 
theories. Numerous ignition phenomena and criteria are also ex- 
plained thoroughly. Information on ignition and thrust transients in 
solid-propellant rocket motors is given in Chap. 6, authored by M. 
Kumar and K. K. Kuo. Detailed discussions on flame spreading over 
the surfaces of solid propellants and into the defects of propellant 
grains are included. 

Four chapters in this volume cover different aspects of steady- 
state burning of solid propellants. In Chap. 7, G. Lengelle, A. Bizot, 
J. Duterque, and J. F. Trubert present important information on the 
flame structure and combustion mechanisms of homogeneous 
propellants. This chapter also contains interesting discussions on 
mechanisms of super rates and plateau or mesa effects. K. N. R. 
Ramohalli gives a detailed treatment in Chap. 8 of various models 
developed for heterogeneous propellants, including the Guirao- 
Williams’ model for AP combustion, Summerfield’s granular 
diffusion flame model, the Hermance model, the Beckstead-Derr- 
Price model, and the petite ensemble model of Osborn and his co- 
workers. In Chap. 9, E. W. Price offers extensive descriptions and 
interpretations of the combustion phenomena of metalized 
propellants. Metal and oxide properties as well as the effect of metal 
additives on burning rates are discussed in detail, with appropriate 
photographs. The study of erosive burning of solid propellants is 
presented in Chap. 10 by M. K. Razdan and K. K. Kuo. Various 
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theoretical models are grouped into different categories based upon 
the method of approach. Experimental measurements and ob- 
servations on erosive burning phenomena as well as the basic 
mechanisms involved are described in detail. 

There are four chapters that address the problems of transient 
burning and combustion instability. Chapter 11, authored by K. K. 
Kuo, J. P. Gore, and M. Summerfield, discusses transient burning 
of solid propellants and provides basic mechanisms, theoretical 
models, experimental observations, and the effects of physico- 
chemical parameters and operating conditions on transient burning 
rates. Extinction theories and experiments are treated specifically in 
Chap. 12, contributed by L. De Luca. Dynamic extinction of fast 
depressurization, deradiation, and various quenching techniques are 
covered in detail. Nonlinear burning stability mechanisms and 
theories are also fully described. Chapter 13, authored by E. W. 
Price, covers experimentally observed combustion instabilities in 
rocket motors. Techniques for the measurement of combustion 
response functions, various modes of instabilities, and the effect of 
propellant characteristics on combustion instabilities are some of the 
topics covered. J. S. T’ien contributed Chap. 14, which deals with 
the theoretical analysis of combustion instability. This chapter 
includes discussions on the linear analysis of wave motion, acoustic 
amplification and damping, nonacoustic nonstability, nonlinear 
analysis, and predictive capabilities of various theories. 

In Chap. 15, E. Miller covers the subject of smokeless propellants. 
This chapter contains detailed discussions of the chemical origins of 
smoke, secondary smoke formation and its modeling, homogeneous 
and heterogeneous nucleation of smoke, and various methods of 
reducing smoke of propellant products. 

Although technology in the solid-propellant field has advanced 
significantly over the past thirty years, there are still many 
unresolved problems and new applications. As a personal view, 
derived from long participation in the field, we can point to at least 
four areas of research we believe will receive increasing attention in 
the future. One of these areas will be the application of advanced 
nonintrusive fast-response diagnostic techniques for the 
measurement of the flame structure and properties of the flowfield 
adjacent to burning solid propellants. Such techniques provide solid- 
propellant combustion scientists with the means for measurement of 
velocities, species concentrations, temperatures, and densities with 
high spatial and time resolutions. These techniques include laser 
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Doppler anemometry, coherent anti-Stokes Raman spectroscopy, 
laser spark spectroscopy, fast wavelength tracking Michelson in- 
terferometry, laser-induced fluorescence, high-speed flow 
visualization, high-powered x-ray cineradiography, etc. Many of 
these techniques can be applied in the studies of the ignition of solid 
propellants, transient burning phenomena, two-phase reacting 
flows, combustion instabilities, and the development of various 
propulsive devices. We look forward, as findings emerge, to a 
substantial revision of our ideas. 

A second area for future research may be expected to develop as 
the realization grows that the many limitations of present-day 
understanding and of present-day mathematical theories of solid- 
propellant combustion, which have been largely thermophysical in 
character, are due to the lack of appreciation of the governing 
chemical processes. Thus, instability theories that ignore the role of 
gas-phase chemistry and finite-rate gas-phase kinetics in the rocket 
motor may be too simplified, too purely thermophysical, and 
therefore of limited validity. As another example, conventional 
burning rate theories cannot explain the specific chemical effects of 
the formation of plateaus in solid-propellant burning. The effects of 
chemistry are many and they deserve experimental and theoretical 
exploration. The newly developed experimental techniques men- 
tioned in the previous paragraph will surely help to elucidate the 
underlying processes. 

A third area for future research that may be expected to grow is 
the high-pressure combustion field. Much of what is known from 
experiments, providing the basis for this book, was learned 
historically by research performed at conventional pressures, e.g., 
up to 100 atm. However, designers are developing applications of 
solid-propellant rocketry at still higher pressures, and guns have 
always operated at pressures at least tenfold higher than con- 
ventional solid-propellant rockets, forcing the combustion scientist 
to resort to speculative extrapolation of current theories in order to 
cope with the phenomena of ignition and burning. 

The fourth area of future research will be the application of fuel- 
rich solid propellants in airbreathing propulsion systems. Solid-fuel 
ramjets offer the advantage of high specific impulse and long-range 
flight. In these solid-fuel ramjets, the combustion zone could be 
altered considerably by the flow of ram air containing oxygen. This, 
in turn, could greatly affect the burning rate of fuel-rich solid 
propellants, ignition processes, extinction phenomena, and many 
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aspects of combustion. Much can be learned from the research that 
has been and is being performed in the broad field of fire research, 
but there is much that is new in solid-fuel ramjet combustion. 


In addition to major contributions made by the authors of the 
chapters in this volume, the editors would also like to acknowledge 
important contributions made by a number of outstanding reviewers 
who specialize in the various areas of solid-propellant combustion. 
These reviewers are: R. S. Brown, S. Bulusu, J. P. Coughlin, J. 
Crump, R. L. Derr, M. Farber, R. A. Fifer, B. B. Goshgarian, C. E. 
Hermance, H. Hoshizaki, K. J. Kraeutle, N. Kubota, A. K. 
Kulkarni, J. N. Levine, H. B. Mathes, C. L. Merkle, J. W. Meyer, 
M. M. Micci, M. S. Miller, A. Peretz, C. F. Price, M. A. Schroeder, 
W. A. Sirignano, A. C. C. Tao, J. S. T’ien, F. A. Williams, and X. 
Wu. Their valuable comments and constructive suggestions were 
greatly beneficial to the high quality of this volume. 

Finally, we would like to acknowledge the help of Camille S. 
Koorey, Brenda Hio, and Ruth F. Bryans of AIAA for their in- 
valuable assistance in the production of this volume. We would also 
like to thank Mary Jane Coleman for handling numerous 
correspondence between editors, authors, and reviewers, and for 
typing three chapters of this volume. 

Kenneth K. Kuo 
Martin Summerfield 
January 1984 
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Chapter 1 


Survey of Rocket Propellants and 
Their Combustion Characteristics 


Naminosuke Kubota* 

Japan Defense Agency, Tokyo, Japan 


Abstract 

The combustion phenomena of solid propellants are 
largely dependent on the propellant ingredients, pressure, 
propellant initial temperature, and various parameters of 
aerothermochemistry in rocket motors. This chapter presents 
the fundamental principles of rocket motors and an introduc- 
tion to the combustion phenomena of solid propellants for a 
better understanding of rocketry. The thermochemical 
properties, combustion wave structures, burning processes, 
and rate-control steps of the burning rate for various types 
of solid propellants are discussed. The heat feedback 
process from the gas phase to the burning surface plays a 
dominant role in the burning rate characteristics of propel- 
lants. Simplified burning rate models and chemical reaction 
schemes in the gas phase are outlined to lead to the devel- 
opment of more definitive burning rate models. 

Nomenclature 


A = area 

a = constant defined in Eq. (15) 

c = specific heat 

Cq = mass discharge coefficient 

cf = thrust coefficient 
D = mass diffusion coefficient 
E = activation energy 

F = thrust 

g 0 = normal gravitational acceleration at sea level 


Copyright ©American Institute of Aeronautics and Astronautics, 
Inc., 198?. All rights reserved. 

*Chief, Rocket Propulsion Laboratory, Third Research Center, 
Technical Research and Development Institute. 
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H = enthalpy 

AHf = heat of formation 

h = heat defined in Eq. (41) 

I sp = specific impulse 

kt, = backward reaction rate constant 

kf = forward reaction rate constant 
M w = molecular weight 

% = rate of mass discharge 

mg = rate of mass generation 

N = number of elementary chemical reaction 

n = pressure exponent of burning rate or number of 
chemical species 
p = pressure 
Q = heat of reaction 
R = universal gas constant 
R = gas constant 

T = temperature 

Tf = flame temperature 
t = time 

u = gas flow velocity 
V c = chamber volume 
v = mass-averaged velocity vector 
x = distance 

Y = molar concentration 

Y = mass fraction 

Z = pre-exponential factor 
a* = coefficient of reactant 
a** = coefficient of product 
y = specific heat ratio 
6 = thermal wave thickness 

A = thermal conductivity 

irk = temperature sensitivity of chamber pressure 
p = density 

ap = temperature sensitivity of burning rate 
w = reaction rate 

Subscripts 

a = ambient condition 

b = burning surface of propellant 

c = chamber or condensed phase 

e = exit of nozzle 

f = fuel 

g = gas phase 

i = ith chemical species 

j = jth chemical reaction 
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o = oxidizer 

p = propellant or product 

s = burning surface of propellant 

s + = gas phase at burning surface of propellant 

s - = condensed phase at burning surface of propellant 

t = nozzle throat 

x = distance 

0 = reference state at 0 

1 = reference state at 1 

Introduction 

Combustion is an exothermic reaction involving rapid 
oxidizing reactions. For the past 20 years, combustion 
phenomena have been studied extensively to elucidate the 
combustion mechanisms of various types of propellants. In 
recent years, the theoretical and experimental aspects of 
chemical kinetics and the fluid dynamical nature of combus- 
tion have been understood through the use of high-speed 
computers and modern types of optical equipment. Because 
the reaction rates during combustion are much faster than 
those of commonly observed chemical reactions and because 
physical changes, such as velocity, temperature, and pres- 
sure, accompany combustion, a knowledge of aerothermochem- 
istry is needed to understand combustion phenomena. 

The combustion phenomena of a solid are much more 
complex than those of a gas because of the phase changes 
involved in going from a solid to a liquid to a gas. 

Examples of solid combustion are rockets and guns. Since 
solid propellants for rockets and guns burn at high pres- 
sures, experimental observations and measurements are far 
more difficult than those of other combustion phenomena. 
Since the 1950s, numerous experimental and theoretical 
models to predict steady and unsteady combustion have been 
put forth, with the result that overall combustion mechan- 
isms of solid propellants are beginning to be understood. 

Propellants are defined as the material which generates 
a large number of gaseous molecules at high temperature 
during combustion and which can self-sustain without the 
presence of ambient oxidizer combustion. Since combustion 
is a self-sustaining exothermic rapid-oxidizing reaction, 
both oxidizers and fuels are needed to form propellants. 
Propellants are classified by their physical state. When a 
propellant is liquid, it is called a liquid propellant. 

When the propellant is in a solid state, it is called a 
solid propellant. When the oxidizer and fuel ingredients 
are mixed and combined physically for a solid propellant, 
the pair of the materials is called a heterogeneous propel- 
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lant. When the oxidizer and the fuel molecuies are linked 
chemically, and are made of one material, the material is 
called a homogeneous propellant. 

Since both solid propellants and explosives contain 
fragments of oxidizer and fuel in their chemical structures 
and can self-sustain combustion, there are no clear differ- 
ences between these two materials. Thus, in general, pro- 
pellants and explosives are listed in the same category of 
combustion materials. However, the distribution between 
propellants and explosives is evident in their applications. 
For instance, propellants generate combustion gases by 
deflagration phenomena, whereas explosives generate combus- 
tion gases by explosion or detonation phenomena. This means 
that the combustion process of propellants is usually sub- 
sonic, whereas that of explosives is usually supersonic. 
Propellants use their combustion gases to generate propul- 
sive forces, whereas explosives generate destructive forces 
through the shock waves. The chemical compositions of 
propellants and explosives are fundamentally the same, with 
the result that some propellants can also be used as explo- 
sives, and vice versa. Explosives and some propellants can 
be detonated by a strong external force such as mechanical 
shock or friction. When these materials are used under a 
limited range of external forces, detonation can be avoided 
and the materials used as propellants. 

Propellants are used for rockets, guns, gas generators, 
and pressure generators. Most of these applications require 
high-pressure combustion gases in an open or a closed 
chamber. The operating pressure and time are dependent on 
the intended applications. Different operating conditions 
result in different combustion rates. Major applications of 
propellants are in rockets and guns, both of which use gas 
at high temperature and pressure to generate propulsive 
forces. However, there are foundamental differences between 
rockets and guns. Rockets consist of propellant and combus- 
tion chambers within their projectiles, whereas gun projec- 
tiles usually do not. The difference results in different 
operating pressure levels for both rockets and guns, with 
rockets operating between 10 and 300 atm and guns between 
500 and 5000 atm. 

Performance of a Solid-Propellant Rocket Motor 

A rocket motor is a typical example of an energy-trans- 
fer system which can be directly explained by thermodynamics 
and Newton's second law: a pressurized high-temperature gas 
generated in the system is expanded adiabatically, and the 
sensible energy of the gas is converted to kinetic energy. 
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Thus, the system produces a reaction force. Therefore, the 
thermodynamic requirement for a rocket motor is to get a 
high-pressure and high-temperature gas in the motor, and to 
convert the sensible energy effectively into the kinetic 
energy through physicochemical processes. 

The thrust generated by a rocket motor is produced by 
the pressure distribution in the motor. If one can deter- 
mine the pressure distribution acting on the interior sur- 
face of the motor, the thrust can be calculated by 


F = d> pdA 


0 ) 


where p is pressure, A is the interior surface of the motor, 
and the integration must be done along the whole surface 
area. Equation (1) is just the momentum change resulting 
from the ejection of combustion gases from the rocket motor. 

Figure 1 is a schematic drawing of a rocket motor. The 
motor consists of a combustion chamber and a convergent- 
divergent nozzle. High-pressure combustion produces gases 
and sometimes a small fraction of condensed particles is 
generated in the chamber by the propellant burning. During 
the time interval of steady-state operation, the pressure is 
approximately constant, and the flow velocity of the burned 
gas is usually small within the chamber. However, in the 
convergent part of the nozzle, the pressure decreases and 
the flow velocity increases. At the throat of the nozzle 
the flow velocity becomes sonic. As the burned gas flows to 
the downstream side of the divergent part of the nozzle, the 
velocity goes supersonic while the pressure decreases. At 
the nozzle exit, the flow velocity reaches the maximum, and 
the pressure becomes approximately the ambient pressure. 



HIGH PRESSURE 
COMBUSTION PRODUCTS 


Fig. 1 Schematic 
diagram of a rocket 
motor. 
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The distribution of pressure p, velocity u, temperature T, 
and pressure acting on the axial direction of the motor p n 
are shown in Fig. 2. 

The resultant pressure acting on the entire surface of 
a rocket motor is calculated using Eq. (1). Thus the thrust 
can be written as 

F - c r A t P c (2) 

where c F is the dimensionless thrust coefficient which is an 
importnat parameter determined by the nozzle flow, A t is the 
nozzle throat area, and p c is the pressure in the combustion 
chamber. Since the cross-sectional area of the combustion 
chamber is larger than the throat area, it is evident from 
the pressure distribution shown in Fig. 2 that c F is always 
larger than unity. For example, for a convergent nozzle the 
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Fig. 2 Distributions of 
pressure, temperature, 
velocity, and pressure 
acting on the direction 
of motor axis. 
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c F is approximately 1.2. In the convergent section the flow 
velocity increases and the pressure decreases, resulting in 
a continuous decrease of p n acting on the convergent part of 
the nozzle. Therefore, there is a net contribution of 
thrust due to the difference between the values of p n at the 
head end of the motor and that at the convergent section. 
When a nozzle consists of convergent and divergent sections, 
the cp can increase to approximately 1.7, owing to the 
effect of Pn acting on the divergent section. It is evident 
from Fig. 2 that thrust varies with the shape of the diver- 
gent section of the nozzle, even when the chamber pressure 
is kept constant. In other words, the thrust does not 
depend solely on the combustion process of the propellants 
in the motor. 

The important parameters for rocket motor design, such 
as c F , p x , u x , and T x , can be calculated using the one- 
dimensional isentropic flow equations, 1-4 which are summa- 
rized as follows: 


/ 


Y+l 



Y-l 

/ 2y 2 

2 1 

Y-l 

r 

i - 

s* 

ffe] 

Y ' 

/ Y - 1 

J + lj 


k^ 





Y + 1 

Y-l 

f P x] 

Y 1 

'y + 1 

* 

1 - 

V. 

[ P xl 

Y ' 

2 j 


W 

\ 

Y - 1 


> 


u 

x 



Y-l 



(3) 


(4) 


(5) 

(6) 


where y is the specific heat ratio of the gas, and the 
subscripts c, t, and x are chamber, throat, and the distance 
along the motor axis, respectively. As shown in Eqs. (1) 
and (2), the thrust is largely dependent on the chamber 
pressure. The following paragraph describes how the chamber 
pressure is determined by the combustion of the propellant 
in the chamber. 

Since the mass generation in the chamber is a function 
of the propellant burning and the mass discharge through the 
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nozzle, the mass balance in the rocket motor can be written 
as 


d(p g v c ) 

dt 



(7) 


where V c is the chamber volume and p g is the density of the 
burned gas in the chamber. Under a nearly steady-state 
condition with constant chamber pressure, the term on the 
left-hand side of Eq. (7) may be negligible. However, this 
term plays an important role in nonsteady burning such as 
that which occurs in ignition transients, oscillatory 
burning, and combustion termination. The rate of mass 
discharge from a choked nozzle is proportional to the 
chamber pressure 

<% = c D A t p c (8) 

which is purely a fluid dynamical relation. The proportion- 
ality constant c D is called the nozzle discharge coefficient 
which has a unit of mass flow rate/force and is dependent on 
thermodynamic parameters, such as temperature, molecular 
weight, and specific heat of the burned gas. The c D is 
given by Eq. (9), 



where M w is the molecular weight and R is the universal gas 
constant. 

The rate of mass generation in the combustion chamber 
is equivalent to the mass burning rate of the propellant 

"lg = Pp A b r 0°) 

where p £ is the density of the propellant, Ab is the burn- 
ing surface area of the propellant, and r is the linear 
burning rate which is defined as the regressing distance per 
unit of time perpendicular to the burning surface. For 
steady-state burning, the mass balance equation, using Eqs. 
(8) and (10), can be written as 


Pp^b r c D^tPc (11) 

and the chamber pressure is found to be 


p c = P p A b r/c D A t 


( 12 ) 
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Thus, the thrust can be written, using Eqs. (2) and (12), as 

F = (c F /c D ) Pp A b r = I sp m g g 0 (13) 

where c F /(c D g 0 ) = I §p is defined as specific impulse and g 0 
the normal gravitational acceleration at sea level. The 
specific impulse is the time required to generate a unit 
thrust by a unit weight of propellant. Specific impulse is 
also a measure of the thrust obtained by the burning of a 
unit weight of propellant per unit time. Thus, the units of 
I sp can be either seconds or kg/ (kg/s). I sp is a very 

useful parameter in evaluating the propellant combustion 
efficiency. 

As shown in Eq. (13), I sp is dependent not only on the 
discharge coefficient c D but also on the thrust coefficient 
Cf. Thus, I sp is a function of the chemical properties of 
the propellant and the expansion process through the nozzle 
and can be written as 


I 

sp 



Y-l 
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(14) 


If one assumes p e = p a , y = 1.2, and M w = 22 g/mole, one 
can calculate c F as a function of p c /p e as shown in Fig. 3. 
Although c F always increases with increasing p c /p e , the 
degree of increase is more rapid at low p c /p e , typically 
< 100. The expansion condition p e = p a is the optimum 
expansion. When p e > p a , the exhaust is underexpanded and, 
when p e < p a , the exhaust is overexpanded. For both under- 
and overexpanded exhaust conditions, c F decreases when 
compared with the c F at p e = p a . The expansion ratio of the 
nozzle p c /p e is a function of the area ratio of A e /At = e, 
as shown in Eq. (4), by taking A x = A e and p x = p e . The 
optimum area ratio e is dependent on p c /p e and y. Figure 4 
shows c F vs e at p c /p e = 100 and y = 1.2. The optimum 
expansion occured at £ =12 with an overexpansion occur- 
ring when e > 12 and an underexpansion occurring when 

e < 12. 

Figure 5 shows a relationship between c F go and T c /M w at 
y = 1.2. The c F decreases with increasing T c /M w as depicted 
by Eq. (9). As shown in Eq. (13), I sp increases when c D 
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Fig. 3 Thrust coefficient vs pressure ratio. 
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Fig. 4 Thrust coefficient vs nozzle area ratio 
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Fig. 5 Discharge co- 
efficient vs temperature/ 
molecular weight in a 
rocket motor. 
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Fig. 6 Specific impulse 
vs pressure ratio as a 
function of T c /l^. 
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decreases. In other words, to increase the specific 
impulse, it is necessary to increase the flame temperature 
and/or to decrease the molecular weight of the combustion 
product. It is evident from Figs. 3 and 5 that I S p in- 
creases with increasing p c /Pe and/or with increasing T c /M w . 

A typical calculated example of I S p as a function of p c /p e 
and Tc/Mv, for y = 1 .2 is shown in Fig. 6. 

The pressure in the combustion chamber or thrust is 
dependent on the burning rate of propellants as shown in 
Eqs. (12) and (13). A large thrust occurs when the burning 
rate is high. However, when a long burning time is 
required, a lower burning propellant may be suitable. If 
the burning rate is assumed proportional to the nth power of 
of pressure, 

r = ap n (15) 


where n is the pressure exponent of the burning rate and a 
is a constant. The pressure in the combustion chamber can 
be written by Eq. (12a), 


Pc 



1 



l-n 


(12a) 


Equation (15) is called Vieille's law or Saint Robert's law, 
and n and a are dependent on the chemical composition and 
the initial temperature of the propellant. This burning 
rate equation is based on various empirical measurements and 
is discussed in greater detail in a later section. 


Stable Combustion of a Rocket Motor 

The pressure p c in a combustion chamber during steady- 
state burning is given by Eq. (12a). However, it is neces- 
sary to determine whether or not the pressure is stable. If 
one plots mg and m d as a function of pressure, as shown in 
Fig. 7, there exisits a crossover point which is the pres- 
sure given by Eq. (12a). When there is a small increase of 
pressure at the crossover point, the pressure can decrease 
only when m g < m d . When there is a small decrease of pres- 
sure at the same point, the pressure can increase only when 
mg > m d . Based on this, the condition for stable combustion 
is, at p = p c , 

^(c D A t p) > ^(p p A b ap n ) (16) 

Since c D is approximately independent of pressure, the sta- 
bility criterion can be written, using Eqs. (11) and (16), a 
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Fig. 7 Mass balance in a rocket motor showing a stable criterion 
of chamber pressure. 


It is possible to obtain a crossover point even when n > 1, 
as shown in Fig. 7, and to express equilibrium pressure by 
Eq. (12a). However, if the pressure shifts away from the 
crossover point by an external disturbance, the pressure 
decreases to the ambient pressure or increases to infinity. 
Thus, the pressure exponent of burning rate must always be 
less than unity in the pressure range where the rocket motor 
operates . 


Temperature Sensitivity of Burning Rate 


As shown in Eq. (15), the burning rate is dependent on 
pressure. However, it is also dependent on the initial tem- 
perature of the propellant even when the pressure is kept 
constant. If one defines a p as the variation of the burning 
rate with the initial temperature change at a constant pres- 
sure, a p then can be written as 


a 


P 




(18) 


where r 0 and ri are the burning rates at temperatures To and 
T]_, respectively. Thus, a p represents the variation of the 
burning rate per unit temperature and is called the tempera- 
ture sensitivity of burning rate at constant pressure. The 
dimension of ap is K -1 , and a p x 100 is %/K of the burning 
rate change. Equation (18) is rewritten in a more rigorous 
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differential form as 
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Substitution of Eq. (15) into Eq. (18a) gives 


°p = 


’aln(ap n )' 

= 1 

’aa' 

3T J 

P a 

aT 


(18a) 


(18b) 


When the initial temperature of a propellant in a 
rocket motor is changed, the burning rate of the propellant 
changes according to the relationship given in Eq. (18). 
However, the crossover point for an equilibrium pressure 
shown in Fig. 7 shifts to a different point at another 
equilibrium pressure. This is also evident from the mass 
balance equation of Eq. (11). Therefore, the a p given by 
Eq. (18) is not sufficient to express the effect of the 
initial temperature change on the performance of a rocket 
motor. Thus, the following temperature sensitivity is used 
to evaluate the effect of temperature: 


1 Pi " Po 
P T 1- T 


where p 0 and p 2 are the pressures in the combustion chamber 
at the initial temperatures T 0 and T l5 respectively. Thus, 
iT k indicates the specific variation of pressure in the 
combustion chamber per unit temperature and is called tem- 
perature sensitivity of pressure at constant K n . K n is 
defined as K n = A b /A t . K n = constant is equivalent to a 
fixed physical dimension of a rocket motor. The dimension 
of TT k is given by K _1 , and ir k x 100 indicates the specific 

variation of chamber pressure as %/K. Similar to Eq. (18a), 
ir k is written in differential form as 
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(19a) 


Equation (12a) is differentiated with respect to T and is 
substituted into Eq. (19a) to give 


__1 
n a 



(19b) 


Thus, a p and ir k are dependent only on the nature of the pro- 
pellant burning rate and are determined by the combustion 
mechanisms of propellants. 5 
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Fig. 8 Temperature 
sensitivity characteris- 
tics of a solid propellant 


The value of a p for conventional propellants ranges 
between 0.002/K and 0.008/K. For example in the temperature 
range between 233 K and 333 K, the burning rate of a propel- 
lant with a p = 0.005/K varies 50%. When this propellant 
burns in a combustion chamber, the ir k given by Eq. (19) is 
ir k = 0.005/(1 - n). If the pressure exponent of the burning 
rate is 0.5, tr k is then equal to 0.01/K, and the chamber 
pressure varies 100% for the same temperature range. This 
large variation of chamber pressure affects the thrust of 
the rocket motor: the thrust varies more than 100% as shown 
in Eq. (2), since c F increases with p c . It is important to 
note that, when n is large, ir k becomes large even when a p is 
small. Thus, the required burning rate characteristics for 
propellants are that n and o p be as small as possible. 
Changing burning rate by varying the initial temperature 
alters not only the chamber pressure and thrust but also the 
burning time of the propellant. Also it varies the flight 
path of the rocket projectile. However, it should be noted 
that the initial temperature change never changes the 
chemical energy contained in the propellant but changes the 
chemical reaction rate of the propellant burning. Figure 8 
shows an example of the calculated results of pressure vs 
burning rate of a propellant which has the characteristics 
of a p = 0.005/K and n = 0.5. As shown in Eq. (15), the 
burning rate increases linearly with pressure in In p vs 
In r plot, and it shifts parallel with variation in tempera- 
ture. Figure 9 shows the variation of pressure Ap c vs 
pressure exponent relationship when the initial chamber 
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Fig. 9 Pressure increase in a 
chamber vs pressure exponent of 
burning rate as a function of 
temperature sensitivity. 


pressure is 100 atm and the variation of temperature AT = 
100 K. It is evident that Ap c becomes large when a and/or 
n are large. p 


Thermochemical Properties of Propellant Ingredients 

Numerous kinds of chemicals have been used in making 
solid propellants. Different chemical compositions are 
chosen to obtain optimized combustion characteristics for 
different purposes. There are two types of propellants 
which are distinguished by the condition in which their 
ingredients are connected. As mentioned in the Introduction, 
one type consists of a substance in which oxidizer and fuel 
are linked chemically in its structure, and the other type 
consists of two substances as an oxidizer and a fuel which 
are physically mixed. The former type is called a homogene- 
ous propellant because the physical structure of the propel- 
lant is homogeneous. The latter type is called a hetero- 
geneous propellant because the physical structure of the 
propellant is heterogeneous. 

Nitrocellulose is a typical example of homogeneous 
propellants. Nitrocellulose is a nitrated cellulose whose 
chemical structure is represented by _ 5505 ^ 02 ) 2 .45 for 
12.6% nitrogen content. When nitrocellulose is decomposed 
thermally, two major fragments are generated. One group of 
fragments with a C/H and C/H/0 structure acts as a fuel with 
the other fragment of N0^ acting as an oxidizer. 6 ' 7 Since 
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nitrocellulose is a fibrous material, it is difficult to 
form a specified propellant grain using it. Thus, liquid 
materials called plasticizers are mixed with the nitrocellu- 
lose to gelatinize it and to form a specified shape for the 
propellant grain. Typical examples of plasticizers include 
nitroglycerin and trimethylolethane trinitrate. Both of 
them are also nitrated materials which can individually 
function also as propellants like nitrocellulose when used 
as propellants. The C/H and C/H/0 from the plasticizers act 
as fuels, whereas the NC^ acts as an oxidizer. Propellants 
which are composed of nitrocellulose and nitroglycerin or 
trimethylolethane trinitrate and a small amount of stabi- 
lizer are called double-base propellants and are typical 
homogeneous propellants. 8,9 

Heterogeneous propellants are composed of very fine 
crystalline particles acting as an oxidizer and an organic 
plastic binder surrounding each crystalline particle acting 
as a fuel. Heterogeneous propellants are commonly called 
composite propellants. Typical crystalline particles used 
as an oxidizer include ammonium perchlorate, ammonium 
nitrate, and potassium perchlorate. When these particles 
are thermally decomposed, the oxidizing fragments leave the 
surface as a gaseous species. The chemical nature of the 
gaseous oxidizing fragments generated from the oxidizer is 
dependent on the chemical structure of the particles. 
Ideally, the more oxidizing fragments contained in the 
structure, the better the oxidizer. The fuels used in 
heterogeneous propellants have a hydrocarbon structure, such 
as polyurethane and polybutadiene, and act as binders to 
adhere the oxidizer particles together. Thus, the fuel has 
a dual function: 1) to produce energy when oxidized and 2) 
to bind the oxidizer particles together to form a specified 
propellant grain shape. A typical modern heterogeneous 
propellant is composed of ammonium perchlorate and poly- 
butadiene. 

In general, solid propellants consist of several chemi- 
cal ingredients such as oxidizer, fuel, binder, plasticizer, 
stabilizer, curing agent, crosslinking agent, bonding agent, 
burning rate catalyst, antiaging agent, opecifier, flame 
suppressant, and combustion instability suppressant. 

Typical ingredients used for modern types of solid propel- 
lants are shown in Table 1. Some combinations of these 
ingredients will give an optimized thermal performance or 
burning rate characteristics; some other combinations will 
make the propellants very dangerous, such as explosives, or 
give them poor mechanical properties. 

Propellant grain shapes are designed to obtain a speci- 
fied thrust vs burning time relationship. Since propellants 
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are sometimes required to act at very low or high tempera- 
tures, and under high pressure and mechanical impact, pro- 
pellant grains are required to withstand certain specified 
thermal and mechanical stresses and to have appropriate 
mechanical properties such as elongation and tensile 
strength. Thus, the selection of the ingredients is based 


Table 1 List of ingredients used for double-base and 
composite propellants 


Double-base propellant 

plasticizer (fuel and oxidizer) 

NG: nitroglycerin 

TMETN: trimethyl olethane trinitrate 
TEGDN: triethylene glycol dinitrate 
DEGDN: di ethylene glycol di nitrate 

plasticizer (fuel) 

DEP: diethylphtalate 
TA: triacetine 
PU: polyurethane 

binder (fuel and oxidizer) 

NC: nitrocellulose 

stabilizer 

EC: ethyl centralite 
2NDPA: 2-ni trodipheni 1 amine 

burning rate catalyst 
PbSa: lead salicylate 
PbSt: lead stearate 
Pb2EH: lead 2-ethyl hexoate 
CuSa: copper salicylate 
CuSt: copper stearate 
Li F : lithium fluoride 

high energy additive 

RDX: cyclotrimethylene trinitramine 
HMX: cyclotetramethyl ene tetrani tramine 
NGD: nitroguanidine 

coolant 

OXM: oxamide 

opecifier 

C: carbon black 

flame suppressant 

KNO 3 : potassium nitrate 
K 2 SO 4 : potassium sulfate 

metal fuel 

A1 : aluminum 

combustion instability suppressant 
A1 : aluminum 
Zr: zirconium 
ZrC: zirconium carbide 


(Table 1 continued on next page.) 
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on both the optimized combustion characteristics and 
mechanical properties desired. 10 

The binders, also used as fuels, for composite propel- 
lants play a significant role in maintaining propellant 
grain shape under these stresses. Extensive studies on 
binder characteristics have been conducted to improve both 

Table 1 (cont.) List of ingredients used for double- 
base and composite propellants 


Composite propellant 
oxidizer 

AP: ammonium perchlorate 

AN: ammonium nitrate 

NP: nitronium perchlorate 

KP: potassium perchlorate 

RDX: cyclotri methylene trinitramine 

HMX: cycl otetramethyl ene tetranitramine 

bi nder 

PS: polysulfide 

PVC: polyvinyl chloride 

PU: polyurethane 

CTPB: carboxyl terminated polybutadiene 
HTPB: hydroxyl terminated polybutadiene 

curing and/or crosslinking agents 
PQD: paraquinone dioxime 
TDI : tol uene-2,4-di i socyanate 

MAPO: tris{l -(2-methyl ) aziridinyl) phosphine oxide 
ERLA-0510: N,N,0-tri (1,2-epoxy propyl ) -4-ami nophenol 
IPDI: isophorone di isocyanate 

bonding agent 

MAPO: trisd -(2-methyl ) aziridinyl} phosphine oxide 
TEA: triethanolamine 

MT-4: adduct of 2.0 moles MAPO, 0.7 mole azipic acid, 
and 0.3 mole tararic acid 

plasticizer 

DOA: di octyl adipate 
IDP: isodecyl pelargonete 
DOP: di octyl phthalate 

burning rate catalyst 
Fe 203 *. ferric oxide 
FeO(OH): hydrated-ferric oxide 
nBF: n-butyl ferrocene 
DnBF: di -n-butyl ferrocene 
Li F : lithium fluoride 

metal fuel 

A1 : aluminum 
Mg: magnesium 
Be: beryllium 
B: boron 

combustion instability suppressant 
A1 : aluminum 
Zr: zirconium 
ZrC: zirconium carbide 
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Table 2 Curing process of binder 


Hydroxyl terminated polybutadiene 
prepolymer (polybd R-45M: ARCO) 


H0-(CH -CH=CH-CHJ -OH 
z z n 

curing agent (IPDI) 

CH, 


h 3 c 

h 3 c 


X" 


-CH 2 -NC0 


NCO 


curing process (HTPB) q 

{-0-(CH 2 -CH=CH-CH 2 ) n -0-C-NH-CH 2 

H 3 C 



CH 3 

CH. 


N-C- 

i ii 
H 0 


} 

m 


thermal performance and mechanical properties of composite 
propellants. The binders are made of synthetic rubbers 
whose structures are mainly C-C and C-H bonds. The nature 
of binders is largely dependent on the kind of polymers used 
as binders and on the crosslinking and curing processes. A 
typical polymerization process between a polymer and a 
curing agent is shown in Table 2. In addition to these 
processes, the chemistry of the bonding process between 
polymer and crystalline oxidizers and metal fuels is impor- 
tant in obtaining good mechanical properties of propellants. 
Detailed chemistry of propellant binders are described 
elsewhere. 11-13 

The thermochemical properties of propellants are 
dependent on the nature of each ingredient and are based on 
thermodynamic calculations. 14-17 Table 3 shows the thermo- 
chemical properties of the ingredients used for double-base 
and composite propellants. It is shown that relatively 
large amounts of excess oxygen are produced from oxidizers 
such as AP, NP, and AN whose flame temperatures are low. 
However, no excess oxygen is produced from near-stoichio- 
metrically balanced ingredients such as RDX, HMX, NG, and NC 
whose flame temperatures are high. 

Thermochemical Properties of Propellant Combustion Products 

The thermal energy contained in solid propellants is 
represented by the specific impulse which is a function of 
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Table 3 Thermochemical properties of propellant oxidizers (p = 70 atm) 


Product 

Oxidizer Chemical formula State p AH f (298 K) M w I 

(g/cm 3 )( cal /mole) (K) (g/mole)(s) 


NC (12. 6%N ) 

C 6 H 7.55°5( N0 2^.45 

sol id 

1 .66 

-160.2 

2590 

24.7 

230 

NG 

C 3 H 5 0 3< N0 2>3 


liquid 

1 .60 

-9.75 

3289 

28.9 

244 

TMETN 

C 5 H 9°3 (N °2>3 


1 iquid 

1 .47 

-97.8 

2898 

23.1 

253 

TEGDN 

C 6 H 12°4< N0 2>. 

2 

1 iquid 

1 .33 

-181 .6 

1376 

19.0 

183 

DEGDN 

C 4W N °2>2 


1 iquid 

1 .39 

-103.5 

2513 

21.8 

241 

AP 

nh 4 cio 4 


sol id 

1 .95 

-70.73 

1405 

27.9 

157 

AN 

NH 4 N0 3 


sol id 

1.73 

-78.27 

1247 

22.9 

161 

NP 

no 2 cio 4 


solid 

2.22 

+8.88 

597 

36.4 

85 

RDX 

C 3 H 6 N 3 (N °2>3 


sol id 

1 .82 

+14.69 

3286 

24.3 

266 

HMX 

C 4W N °2>4 


sol id 

1 .90 

+17.92 

3278 

24.3 

266 

Oxidizer 

Major combustior 

i products (moles/mole) 




°2 H 2° 

CO 

co 2 

H 2 

N 2 HC1 

Cl 

2 

OH 

NC(12.6%N) 

0.225 

0.147 

0.128 

0.116 

o.m 




NG 

0.069 0.280 

0.107 

0.275 

0.014 

0.181 


0 . 

041 

TMETN 

0.263 

0.357 

0.096 

0.140 

0.136 




TEGDN 

o.no 

0.397 

0.063 

0.335 

0.079 




DEGDN 

0.253 

0.365 

0.079 

0.190 

o.m 




AP 

0.287 0.377 




0.119 0.197 

0.020 


AN 

0.143 0.571 




0.286 




NP 

0.750 




0.125 

0.125 


RDX 

0.226 

0.246 

0.082 

0.089 

0.326 




HMX 

0.227 

0.246 

0.082 

0.089 

0.326 





flame temperature and the molecular weight of the combustion 
products. In practice, the mixture ratio of the oxidizer 
and fuel is selected to shift the equivalence ratio to the 
stoichiometric as closely as possible. As shown in Fig. 10, 
the flame temperature Tf and specific impulse I sp (assumed 
equilibrium flow) vary with the mixture ratio of oxidizer 
and fuel for composite propellants. The maximum Tf and I sp 
occur when an appropriate mixture ratio is selected. It is 
seen that the Tf and I sp exhibit relatively similar behavior 
in the plots of Tf vs mixture ratio and I sp vs mixture ratio. 
This is because the molecular weight M w of the combustion 
products is relatively independent of the mixture ratio. 

The thermochemical properties of RDX and HMX composite 
propellants are somewhat different from those of other 
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Fig. 10a Flame temperature 
vs oxidizer concentration 
of HTPB based composite 
propellants. 



Fig. 10b Molecular weight 
vs oxidizer concentration 
of HTPB based composite 
propellants. 
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Fig. 10c Specific impulse 
vs oxidizer concentration 
of HTPB based composite 
propellants. 


composite propellants. The maximum Tf and I S p are obtained, 
when no fuels are added to these oxidizers. Since RDX and 
HMX are stoichiometrically balanced materials, the addition 
of fuels reduces the Tf and I sp . 

The flame temperature and specific impulse of double- 
base propellants are less dependent on the mixture ratio of 
nitrocellulose and nitroglycerin, as shown in Fig. 11. 
Nitrocellulose is slightly fuel-rich, and nitroglycerin is 
slightly oxidizer-rich, as shown in Table 3. However, since 
both ingredients contain oxidizer and fuel fragments in 
their chemical structures, the thermochemical properties of 
the mixture are similar to those of each ingredient. Thus, 
the maximum Tf and I sp are obtained when the nitrocellulose 
is 20% and the nitroglycerin is 80%. However, conventional 
double-base propellants contain about 10% plasticizer and 
1% stabilizer, which act as coolants, and the mixture ratio 
of nitrocellulose and nitroglycerin is limited to use in the 
range of 4/6 and 6/4. Thus, for conventional double-base 
propellants, values of I sp are normally lower than those 
shown in Fig. 11. However, it is possible to obtain an 
Isp = 220 s and Tf = 2800 K at 70 atm, when the combustion 
products are fuel -rich. 

The addition of ammonium perchlorate within double-base 
propellants shifts the equivalence ratio to stoichiometric 
and increases the flame temperature and the specific impulse. 
However, since ammonium perchlorate is oxidizer-rich, too 




24 


N. KUBOTA 



4-4 

Eh 


D 

Eh 


W 

Pl. 

S 


a 

Pm 


Fig. 11 Specific impulse and flame temperature vs nitroglycerin 
concentration of double-base propellants. 



Fig. 12 Specific impulse and flame temperature vs AP or RDX 
concentration of AP-CMDB and RDX-CMDB propellants. 
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much addition of ammonium perchlorate can reduce the 
specific impulse. Thus, the maximum Tf and I S p of ammonium 
perchlorate added double-base propellant, whicn is called 
ammonium-perchlorate-based composite modified double-base 
(AP-CMDB) propellant, are obtained when AP concentration is 
approximately 50%, as shown in Fig. 12. 

The addition of nitramine particles such as RDX and HMX 
to double-base propellants increases the flame temperature 
and specific impulse. This type of propellant is called 
ni tramine-based composite modified double-base (RDX-CMDB or 
HMX-CMDB) propellant. Since no excess oxidizing fragments 
are contained in the combustion products of these nitramines, 
no additional oxidizers are available to fuel-rich double- 
base propellants. However, a large amount of heat is 
produced from these nitramines, so that the overall heat 
produced from RDX-CMDB or HMX-CMDB propellants is increased, 
and thus the specific impulse is increased. A calculated 
result of the Tf and I S p for RDX-CMDB propellants as a func- 
tion of the concentration of RDX is shown in Fig. 12. The 
Tf and I S p almost increase linearly with the concentration 
of RDX to maximum Tf and I S p at 100% RDX. 

Composite propellants consist of crystalline particles 
and plastic binder to obtain high-temperature combustion 
gases through the chemical reaction between oxidizer and 
fuel. However, the mixture of nitramine particles and 
organic binder forms a new type of solid propellant called 
nitramine composite propellant and was developed on the 
basis of a somewhat different idea from ammonium perchlorate 
composite propellant. The nitramines, such as RDX and HMX, 
contain fewer oxidizing fragments so that the binder sur- 
rounding the nitramine particles cannot be oxidized. Thus, 
the binder acts as a coolant, and the flame temperature is 
reduced. However, relatively large amounts of H 2 are 
produced from the thermal decomposition of the binder which 
reduces the molecular weight of the combustion products, as 
shown in Fig. 13. The combustion products of AP composite 
and RDX composite propellants are compared and plotted as 
functions of the concentration of AP and RDX. The binder 
used in the propellants is polyurethane. The major combus- 
tion products for an AP propellant are CO 2 , H 2 O, and HC1 at 
85% AP. However, those for the RDX propellant are H 2 , N 2 , 
and CO at the same concentration of RDX as shown in Fig. 13. 
It is important to note that the flame temperature of RDX 
propellant is much less than that of an AP propellant at the 
same I sp because of the reduced M w of RDX propellant, as 
shown in Fig. 10. 
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Fig. 13 Combustion products of AP composite and RDX composite 
propellants. 


Combustion Processes of Various Types of 
Solid Propellants 

Two types of propellants, double-base and composite, 
have been developed to satisfy the various combustion 
characteristics described in the previous sections to obtain 
stable and high-performance combustion in rocket motors. 
However, the physical and chemical properties of these 
propellants are entirely different from each other, and the 
combustion processes are also different. The following 
paragraphs describe the flame structure and the burning rate 
characteristics of various types of solid propellants. The 
propellants are double-base propellants, ammonium-perchlo- 
rate-based composite propellants, two types of composite 
modified double-base propellants, and nitramine composite 
propellants. Combustion flame photographs of these propel- 
lants are shown in Plate 1. The photographs are taken from 
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Chapter 2 


Chemistry of Ignition and Combustion 
of Ammonium-Perchlorate-Based Propellants 


Kaushal Kishore* and Venkatnarayana Gayathrif 
Indian Institute of Science, Bangalore , India 


Abstract 

In the literature the material on the chem- 
istry of the combustion and ignition of solid 
composite propellants is scattered. In this 
chapter the chemical aspects of such propellants 
are brought together in order to present a compr- 
ehensive picture of the combustion mechanism. 
Ignition is a complex process governed by vari- 
ous factors such as oxidizer and binder charact- 
eristics, pressure, oxidizer concentration, pre- 
ignition reactions, etc. Various models have 
been proposed; however, because ignition is a 
complex phenomenon, it cannot be explained by a 
single theory. Combustion is discussed mainly 
in terms of condensed-phase and gas-phase react- 
ions. The various processes occurring during 
combustion are classified as reactions at the 
surface, below the surface, and in the gas phase. 

F rom the concept of bond breakage and vaporizat- 
ion of fragments at the surface, a number called 
mean fragment size vaporizing has been defined 
and an attempt has been made to use this to calc- 
ulate the burning rate. The importance of cond- 
ensed-phase reactions during combustion has been 
shown by various studies. The effect of catalysts 
on combustion has been explained through proton 
transfer, electron transfer, and by complex form- 
ation. 
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Astronautics, Inc., 1982. All rights reserved. 
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Nomenclature 


a 

AK 

AP 

B 

b 

C 


c 

CC 
CFS 
CTPB 
DT A 
DSC 
d 
Z 

E ig 

F 

FSV 

AH 

P 

AH v 

* H d 

AH t 

HTPB 

K 

KP 

k 

LPL 

MFS 

m 


N 
n 
n 1 
P 

PB 

PBAA 
P BAN 


PIB 

PMMA 

PS 

PST 

PU 

Q 


** constant 

ss intermediate products 
=s ammonium perchlorate 
s pre-exponential factor 
= correlating factor 
= concentration 
= specific heat 
= copper chromite 
—3 critical fragment size 
= carboxy terminated polybutadiene 
=s differential thermal analysis 
as differential scanning calorimetry 
ss correlating factor 
as activation energy 
as ignition energy 

as heat flux 

ss fragment size vaporizing 
a: heat of polymerization 

sa heat of vaporization 
as heat of degradation 
= total heat 

=» hydroxy terminated polybutadiene 
= thermal conductivity 
=s potassium perchlorate 
= rate constant 
= low-pressure limit 
ss mean fragment size vaporizing 
= molecular weight of the fragment 
vaporizing at the surface 
ss number of bonds 

as pressure index for burning rate 
= pressure index for decomposition 
as pressure 
as polybutadiene 

as copolymer of butadiene and acrylic 
acid 

= terpolymer of butadiene acrylic acid 
and acrylnitrile 
= polyisobutylene 
as polymethyl methacrylate 
as polysulfide 
as polystyrene 
ss polyurethane 
as heat of reaction 
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Q 

9 

R 

t 

r No . 

SEM 

T 

TD 

TD No. 


TG 
TMO 
TPX 
t 


ID 


t 

X 

oC 

X 

f 


= heat of gasification at the pyrolysis 
temperature 
= gas constant 
= burning rate 

= t (catalyzed)/!' (uncatalyzed) 

= scanning electron microscopy 
= temperature 
= thermal decomposition 
= TD rate (catalyzed)/TD rate (uncat- 
alyzed) 

= thermogravimetry 
= transition metal oxides 
= methyl pentene polymer 
= ignition delay 

= time 

= distance from the propellant surface 
= thermal diffusivity 
= order of reaction 
= density 


I. Chemistry of Ignition 
Sequence of Ignition 

The first step in propellant combustion is 
ignition. This is a transient phenomenon leading 
to steady-state combustion. Ignition is achieved 
by a pyrotechnic material and the thermal energy 
is transferred to the propellant surface by hot 
gases and hot particles through the processes of 
conduction, convection and radiation. In an 
actual rocket motor the ignition process includes 
the complete ignition of the propellant grain and 
buildup of the operating pressure level in the 
motor.. This process can be divided into three 
phases 1 as shown in Fig. 1. During the first 
phase the propellant is subjected to external 
heating by a pyrotechnic mixture to achieve the 
critical conditions required for ignition. During 
this phase the most important consideration is 
the time needed to attain propellant combustion 
after the start of the ignitor. This period is 
termed ignition delay or tj^. During the second 

phase the flame spreads over the unignited surface 
and during the third phase the combustion products 
are accumulated in the motor chamber until a 
steady-state pressure is attained. 
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From the viewpoint of the chemistry involved, 
tjD is an important consideration because it 

depends upon the chemical characteristics of the 
propellant. It also depends on the operational 
and chemical characteristics of the ignition 
system. The sequence of ignition can be as 
follows. Due to external heating, depending on 
the nature of the heating process, the surface 
temperature of the propellant rises until onset 
of exothermic chemical reactions at or near the 
propellant surface. Due to these chemical react- 
ions, the surface temperature rises faster than 
it would have from external heating alone, repres- 
ented by the equation, 

t ID = t 1 + 

where is the time for heating the propellant 

by an external source and t 2 the time for the 

heat addition by an exothermic chemical reaction 

2 

to the point of ignition. According to Barrere 
the principal parameters affecting the ignition 
are the level of energy required for inflammation. 



fig. 1 Chamber pressure transient during ignition. 
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the nature of the gas surrounding the sample, the 
gas pressure, the gas velocity near the surface, 
the temperature of the propellant, and its nature 
and catalysts* According to Smolensiki et al*3 
tjp decreases with an increase in the propellant 

temperature and is inversely proportional to the 

square of the burning rate. Anderson^ assumed 
that the total ignition time is the time for 
initiation of the adiabatic surface reaction 
plus the time required to establish self-sustain- 
ed burning. Under appropriate conditions, either 
or both of the terms may control the total ignit- 
ion time* 

The study of propellant ignition in the lab- 
oratory is compared to motor ignition by various 
ignition tests inhere the energy transfer is 
achieved by conduction from hot gases and hot 
wires, by convection from hot gases, and by 
radiation. These aspects are discussed 

elsewhere.^ 

Theories of Ignition 

Based on theoretical models, there are 
three main theories for understanding various 
physico-chemical processes of ignition. 

Thermal Ignition Theory . This theory, which 

was proposed by Hicks, suggests that the exo- 
thermic chemical heating occurring in the solid 
raises the surface temperature to the point of 
ignition. It is thought that ignition is 
governed by the temperature rise in the solid 
below the surface exposed to heat flux. 

Gas-Phase Theory . According to this theory 
the runaway heating conditions are achieved as a 
result of the gas-phase exothermic chemical reac- 
tions between the propellant constituents at a 
small but finite distance from the surface. 

He teroqeneous Theory . This theory states 
that the primary reactions occur at or below the 
propellant surface between the gaseous decompo- 
sition products of the oxidizer and the solid 
matrix of the organic binder. These heterogene- 
ous reactions control the ignition process* 
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Rola of Oxidizer and Binder 

It is likely that the degradation behavior 
of both the oxidizer and binder controls the 
ignition characteristics of the propellants. How- 
ever, it is not clearly understood as to which 
predominates in controlling ignition. According 
7 

to Shannon both the binder and oxidizer influ- 
ence the ignition characteristics and the minimum 
initial pressure depends on the decomposition 
characteristics of both. Shannon showed that at 
ambient pressure, ignition is primarily controlled 
by dedomposition of the oxidizer. At lower 
pressures the binder decomposition character- 
istics exert an influence on ignition. Variation 
of the type of oxidizer modifies the surface 
temperature, the surface structure, the rate of 
gaseous generation, and the nature of the 

gaseous species. This will result in longer or 
shorter ignition times depending upon the 
mechanism and the rate of decomposition of the 
individual oxidizer. The potassium perchlorate 
( K P ) formulations exhibit longer tjQ and higher 

minimum initial pressure for ignition. Propell- 
ants with advanced oxidizers such as hydroxyl- 
amine perchlorates and hydrazine diperchlorates 
are easier to ignite at all pressures and exhibit 
an extremely low minimum pressure for ignition. 

For composite solid propellants containing 
polysulfide (PS), polyurethane (PU), and carboxy 
terminated polybutadiene (QTP8) fuel binders it 

g 

has been observed that the surface decomposition 
of ammonium perchlorate ( AP ) is sloiuer than that 
of’ the fuel binder at temperatures less than 
about 650 K. 

The surface temperature during ignition is 
expected to be less than 650 K so the AP decom- 
position, which is slower than the binder 
decomposition rate, must be the rate-controlling 

9 

step in the ignition process* Baer and Ryan 
have developed a simplified thermal model where 
the heat conducted into the propellant from the 
surface has been given as 



Surface 


chem 


= F + Q 


( 2 ) 
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inhere K is the thermal conductivity of the prop- 
ellant, F the ignitor heat flux at the propellant 
surface, Q c j- iem the rate at which heat is liber- 
ated due to chemical reactions, X the distance 
from the surface of the propellant, and 

-E/RT 


chem 


s Be 


(3) 


where B is the pre-exponential factor, E the 
activation energy, and R the gas constant. The 
governing heat conduction equation for the temp- 
erature distribution in the propellant when the 
surface is heated by F + Q . and when no sign- 

ificant chemical reactions occur within the 
solid propellants can be written as, 


^T 

St 


/ -K \ / \ 


(4) 


Baer and Ryan^ have numerically solved Eq. (4) 

under the boundary conditions of Eqs. (2) and (3) 
for ignition delay (t ID ) as 

t ID * = (K/>c*)W [(E/R)/(1-1.04 In F/B - T q ](5) 


Equation (5) can b8 used to calculate ignition 
energy (E ig ) as follows: 

t ID F = E ig = (k/>Hc)/(4F) [(E/R)/(1-1.04 In F/B)-t] 

( 6 ) 

The E^ g evaluated using Eq. (5), assuming AP 

decomposition to be the rate-controlling step, 

tallies well with the E, obtained from radiat- 

19 

ive and convective experiments, suggesting that 
the AP decomposition really is the rate-contr- 
lling step. This is supported by the results of 
1 0 

Baer et al., where E. and E for the thermal de- 

i 9 

composition (TO) of AP have been shown to be the 

same, which is equal to 125.5 k3/mole. Although 
the E obtained for the ignition of AP propellants 
is close to the TD of AP, it can also correspond 
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to other exothermic processes, for example, 
oxidation of fuel by HC10 4 or CIO. Thus, the 

predominent reaction is still not clear. ^ 
Effect of Pressure 


The pressure dependence of ignition has been 

1 2 

a subject of controversy. Altman and Grant 
reported that t Tn was insensitive to pressure, 

AU 10 

whereas Baer et al. have indicated a small 
pressure dependence. On the other hand, Beyer 
13 

and Fishman have shown from the arc image fur- 
nace data a strong pressure dependence of tj Q . 

However, different flux ranges were used by these 
authors. It may be ssen from Fig. 2 that the 
pressure dependence of tjQ is a strong function of 

the flux employed. The pressure dependence of 
tjp can be given by the following empirical equ- 



Fig. 2 Plot of log tjp vs log heat flux showing the 
effect of pressure by various investigators; l) Altman 

12 9 -j 

and Grant, 2) Baer and Ryan, and 3) Beyer and Fishman* 
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1 3 

ation given by Baer and Fishman, 

t I0 » [Cd 5 /a 6 > ♦ (b 3 /p 6 - 15 )] 1/3 (?) 

where d and b are the correlating factors, Q the 
rate of heat transfer to the propellant surface, 
and P is the pressure. It has been proposed that 
the inconsistency of pressure dependence on igni- 
tion can be qualitatively explained in terms of 
the heterogeneous theory by including the influ- 
ence of pressure on the site and magnitude of the 

1 4 

surface reaction. Using analog computer Sineau 
carried out theoretical studies on ignition char- 
acteristics of solid propellants. He employed 
widely useful dimensionless equations to determine 
the pressure rise in a propellant during burning. 

7 

Shannon has studied the effect of pressure 
on the ignition characteristics of composite 
solid propellants with different heat fluxes, 
oxidizer loadings, oxidizers, and binders. He 
observed that the minimum initial pressure at 
which ignition can be achieved depends on the 
characteristics of the binder and the oxidizer, 
but that the effect of the fuel becomes pronounced 

1 5 

at pressures below 0.75 atm. Waldman has found 
that tjQ is shortened when the pressure of a 

neutral gas is increased. 

The pressure dependence of ignition has also 

1 6 

been studied by Kashiwagi et al. At low pres- 
sure and with propellants having soft binders, it 
has been found that the oxidizer gases accumulate 
near the propellant surface. But at higher pres- 
sures and also for propellants having hard bind- 
ers, it is argued that the ignition is faster 
because the oxidizer gas liberated at the interface 
remains confined in the solid as compared to open 
diffusion and thereby reaches a higher concen- 
tration, which facilitates the ignition process. 

Effect of Oxidizing Atmosphere 

Studies on the effect of the oxidizing atmos- 
phere on ignition can be divided into two cate- 
gories; l) the use of reactive oxidizers such as 
Fg and ClFj that cause hypergolic ignition after 



62 


K. KISHORE AND V. GAYATHRI 


coming in contact uuith the propellant surface; 
and 2) ignition in presence of gaseous oxygen. 
Reactive oxidizers, when in contact with the sur- 
face, generate spontaneous exothermic hetero- 
geneous reactions and raise the surface temper- 
ature without any external heat. Anderson and 

Brown have proposed a theoretical model based on 
heterogeneous reactions between the reactive 
oxidizer and the propellant. 

The model shows that the t ID is related to 

gaseous oxidizer concentration as 

t ID o< 1/C X (8) 

u/here C is the oxidizer concentration and x the 
order of the surface reactions. 

This equation has been tested for terpolymer 
of butadiene, acrylic acid, and acrylnitrile 
(PBAN) propellants and a reasonable agreement 
between theoretically predicted and experimental 
values has been obtained assuming a first-order 
heterogeneous reaction. 

Ignition delay has been found to depend on 
both the partial pressure of 0- as well as the 

17 ^ 

total pressure. It was found that tjQ decreases 

by increasing the partial pressure of at a 

level where the mole fraction of Qg is higher than 

0.6-0. 7. It was further suggested that AP decom- 
position contributes to ignition when the surr- 
ounding atmosphere contains less than 50-60$ 0«. 

18 ^ 
Summerfield et al. found in their shock 

tube experiments that a surface temperature of 

433 K is obtained in propellant ignition. They 

argued that at such a low surface temperature the 

TO of AP will not be significant because ignition 
occurs in a short time (<^1 mse) and consequently 
O 2 has to be supplied externally to support the 

ignition. It amounts to the fact that in the 
absence of sufficient oxygen, the AP contained 
in the propellant has to decompose to provide 
oxygen and/or oxidizing species to ignite the 
propellant. In other words, propellant ignition 
in inert atmospheres is primarily governed by AP 
decomposition. 
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Ignition of Composite Propellant 
Fuels by HCIO ^ Vapor 

In case of AP composite propellants, it is 
well established that the initial products of 
decomposition are NH^ and HCIO^. Since HCIO^ is 

much more reactive than Og, investigations were 

made to examine whether HCIO^ could produce igni- 
tion with fuels below 573 K or if ignition could 
occur only when the HCIO^ and vaporized fuel 

diffuse from the propellant surface into a higher 
temperature reaction. 

A series of experiments have been performed 

19 

by Pearson to elucidate the controlling mech- 
anism in the ignition of composite propellants. 
Ignition of binders such as polymethyl metha- 
crylate (PMMA), polystyrene (PST), PU, and PS 
were carried out in HCIO^ and by impinging a 

stream of either or HCIO^ vapors (72$ by 

weight). HCIO^ caused much faster ignition at a 

much lower temperature (473-523 K) than 100$ 

It was shown that HCIO^ vapor ignites solid 

fuels by the HCIO^ reacting either heterogene- 
ously with the fuel surface or homogeneously 
with the fuel vaporized from the surface. 

In the ignition experiments with less vola- 
tile fuels such as nylon, terylene, and methyl 
pentene polymer (TPX), only the first two fuels 
ignited, supporting the heterogeneous reaction 
mechanism, but TPX did not ignite. However, TPX 
ignited in the presence of a catalyst. Ignition 
may result from either heterogeneous decomposition 
of HCIO^ on the fuel surface, yielding reactive 

Clg and C^-containing species that then react 

exothermically with the solid or gaseous fuel, or 
from homogeneous gas-phase reactions between 
HCIO^ and gaseous fuel molecules. However, it is 
difficult to differentiate between a purely homo- 
geneous (reaction occurring between HCIO^ vapor 
and vaporized fuel) and a purely heterogeneous 
mechanism (HCIO^ vapor and condensed fuel). The 
relative importance of each may depend on factors 
such as heat flux, pressure, and the pyrolysis 
of the fuel. 
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In composite propellants it is considered 
likely that heterogeneous reactions of both HCIO^ 
with NH, (occurring at the propellant surface) 
and HClu. with solid fuel could lead to ignition. 
High pressure would certainly favor the HC1CK and 
NH, reaction since it would inhibit diffusion of 
the HCIO^ to the fuel surface. This is in agree- 
ment with the combustion mechanism proposed for 
AP propellants at higher pressures* which postu- 
lates a premixed NH^/HCIO^ flame very close to 
the surface of the AP crystal. 


Preiqnition Reactions 

Preignition reactions have been studied in 
depth in liquid and hybrid propellants, but very 
few studies have been made in composite solid 
propellants. 

Preignition reactions of AP/HTP8 propellant 
have been observed spectrometrically by Law et 
20 

al. in the temperature range 513-610 K by 
following the NH absorption at 3.0 /tm and CH 
absorption at 3.42^-m. In the absence of AP, the 
polymer showed a negligible loss of CH at temp- 
eratures up to 615 K. The presence of AP accel- 
erates the decomposition of the binder. A single 
E of 79.5 kO/mole was obtained for both NH and CH 
disappearances. Acceleration of AP decomposition 
by polymer fragments was also observed. E was 
calculated by using the data taken after the 
first 10 s at the prescribed reaction temperature 
and fitted to first-order decomposition kinetics 
for both CH and NH disappearances. However, 

21 22 23 

Waesche, Inami et al., and Baer and Ryan 

have reported a value of 30 cal/mole. The diff- 
erence in the E values have been attributed to 
the fact that reaction rates observed for the 
initial periods cannot be described properly by 
the first-order kinetics and may also be due to 
an error in measurement and the small temperature 
range considered. 

Exothermic reactions at the propellant sur- 

24 

face preceding ignition were detected by Fishman 
during arc image furnace experiments on the igni- 
tion of AP propellants. As shown in Fig. 3 
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following initiation of the energy pulse (at the 
time i) the surface temperature rises steadily. 

At time e an inflection occurs that can be inter- 
preted only as the onset of exothermic reactions# 
On termination of the energy pulse at time r, the 
temperature continues to rise because of the 
exothermic reactions* Runaway ignition can be 
seen after time r. This exotherm at the surface 
seems to be associated with the heterogeneous 
decomposition of HCIO^ and the heterogeneous oxi- 
dation of the fuel. 

25 

Osada and Kakinouchi have studied initia- 
tion of ignition in solid composite propellants 
by means of thermogravimetric analysis (TG), 
differential thermal analysis (DTA;, x-ray, gas 
chromatography, and mass spectrometry. They 
observed that at463 K the Thiokol resin undergoes 
exothermic curing reactions and produces radicals 
in itself. At 523 K, the bonds S-S and C-S of 
Thiokol break, producing CS, I^S, and SC^ in the 

gas phase, followed by the breakage of bonds such 
as C-S, C-0, and C-H to produce carbonaceous 



TIME — - 

Fig. 3 Plot of surface temperature as a function of time 
during the preignition period. 
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gases. Initiation of propellant ignition occurs 
by the reaction of the Thiokol resin with AP and 
is affected only by the chemical nature of the 
resin and not by the reactivity of AP. 

Effect of Catalysts on Ionition 

Four possible models of the action of cata- 

1 9 

lysts have been proposed by Pearson : 1) by 
accelerating fuel decomposition, 2) by accelffa- 
ting HCIO^ decomposition, 3) by accelerating 

the solid-fuel/HC10 4 reaction on the fuel surface, 

and 4) by accelerating gaseous fuel (including 
NH^/HCIO^ reactions in the gas phase. In addi- 
tion, catalysts may also enhance AP decomposition. 

26 

It has been shoiwi that the binder degrada- 
tion is not affected by the addition of a cata- 
lyst; for example, copper chromite (CC) does not 
change the rate of volatilization of PIB and 
other fuels. That the catalyst accelerates the 
decomposition of HC10, has been observed by 
27-3CJ 

several workers. _ 

Pearson and Sutton^ showed that fuels which 
ignite with difficulty in the presence HCIO^ va- 
por at 473-523 K will ignite readily in the pres- 
ence of a catalyst such as copper chromite or 
chromate. This is confirmed by experiments in 
which a thermocouple covered with the catalyst 
was placed in a heated tube. The temperature 
recorded by the thermocouple was observed to rise 
sharply (about 40 K) after introduction of the 
HCIO^ vapor. 

^However, this temperature rise may not be 
the sole factor causing ignition since ignition 
of TPX did not occur in the presence of HCIO^ 
when the TPX temperature was raised by 40 K. 
Therefore, it has been proposed that a short- 
lived reactive intermediate might be causing the 
ignition of TPX in HCIO^. It is believed that 
the reactive intermediate may be a free radical 
(CIO) since it is probable that CIO would have a 
long enough life to react with the fuel binder. 
The TPX not ignited in the presence of HCIO^ was 
found to achieve ignition in the presence of a 
catalyst. It was observed that the catalyzed 
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ignition of TPX occurred faster and at a lower 
temperature in the presence of HCIO^ decomposi- 
tion. Also, it was observed that ignition occurs 
when the catalyst is in physical contact with the 
solid fuel and not when catalyst and binder are 
physically separated. This experiment suggests 
that the catalyst decomposes HCIO^ to produce a 
short-lived reactive intermediate chat attacks 
the binder to cause ignition. 

Solymosi et al.^ suggested that catalysts 
for HCIO^ decomposition could be divided into 
three groups: 1; highly effective oxides (Cr 2 0,, 
NiO, Fe^O^, and CuO) ; 2) less reactive 

oxides (Ti02 and C^O) ; and 3) inactive oxides 
(CdO, MgO , and CaO)f A close correlation was 
observed between the catalytic effect of the 
oxides and the relative thermal stability of the 
corresponding metal perchlorates. On the other 
hand, the order of reactivity of the catalyst on 
decomposition and ignition of AP did not correlate 
with the order of activity of HC10 A decomposition. 

31 4 

Solymosi and Borcsok have found that treating 
AP with HCIO^ has only a slight effect on the 
characteristics of ignition, whereas the effect 
of HCIO^ on the catalytic ignition of AP is more 
pronounced. 

The relative effectiveness of various cata- 
lysts in the ignition process is in general 
agreement with their effectiveness in promoting 
the TD of AP. However, the exact order will 
depend upon surface area, particle size, and 
quantities of the catalysts used. 

26 

Rosser et al. have found in a study of the 
ignition of an AP/CC mixture that the products of 
decomposition differ from those of normal AP de- 
composition in several ways: l) I^O and HC1 are 
not produced; 2) a short-lived intermediate is 
formed that is capable of oxidizing Cr(lll) in 
copper chromite to Cr(Ul); 3) the gaseous products 
may be explosive; and 4) the decomposition is not 
inhibited by NH, and the decrease in catalytic 
activity associated with item 2 may be prevented. 
Consequently, an electron-transfer process in the 
presence of a catalyst has been suggested, foll- 
owed by the decomposition of the NH^ and CIO^ 

to NHj, N 2 , C> 2 , CIO 2 , and ClOj. However, 
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Pearson and Sutton^? have invoked the same protorv- 
transfer mechanism for both catalyzed and un- 
catalyzed decomposition of AP. 

Studies on the effect of catalysts on AP de- 

32 

composition by Inami and Wise have led to the 
conclusions that CC plays a dual role in a prop- 
ellant system by acting as an oxidation catalyst 
for NHj and other organic fuel binder molecules 
and as a decomposition catalyst for HC10,.. 

7 4 

Shannon found that the effects of t cata- 
lysts on the ignition mechanism are minimal. The 
catalysts tend to reduce the tj^ and the order 
was the same as their relative order of t effec- 
tiveness. A similar observation has also been 

33 

made by Price et al. ; LiF, which is a t suppr- 
essant, brought about inhibition in ignition. 

The addition of Fe_0_, a known accelerator of the 
£, reduced t. D but aid not change the slope of 
the plot of u ln tj^ vs In (C^ content). It was 

therefore concluded^ that the catalysts did not 
change the mechanism, but only increased the 
rates. 

Propellant ignition being an enormously com- 
plex process, the various processes ocurring can- 
not be explained in terms of a single rate-deter- 
mining mechanism. It is likely that one or more 
types of mechanism models such as gas-phase, 
condensed-phase, and catalytic reactions contri- 
bute energy to the ignition process. For a speci- 
fic case, the relative importance of any single 
reaction will depend upon factors such as local 
concentration, local temperature, interfacial 
chemical and physical structure, external heating 
rate, and pressure. There is a need to develop 
some sort of unified ignition theory taking into 
account all of the observed factors. 


II. Chemistry of Combustion 
Introduction to Combustion Mechanism 


The mechanism of combustion of the propell- 
ant is not fully understood. After ignition it 
is assumed that the solid fuel and oxidizer, 
which are originally in separate phases, decompose 
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at the surface to yield adjacent oxidizer and 
fuel species. The breakdown of the fuel binder 
in a narrow reaction zone consists of polymer 
chain scission producing volatile fragments and 
monomer units consisting primarily of hydrocarbon 
species. AP gasifies either by endothermic 
sublimation or exothermic decomposition. These 
reactions can be represented as 


Fuel binder 


Polymer 

Scission 


Volatile fragments 
Monomer units (9) 


NH 4 C10 4 
( solid) 


NH j 
(gas) 



n 2 ,no,h 2 o,hci, 

ci 2 f o 2 j ...... • 


+ H CIO, 


(9as) *Vv 


#5 V NH 


4 cio 4 


( solid) 


( 10 ) 


Besides decomposition, sublimation also occurs 
emitting and HCIO^, yielding a premixed flame 

very close to the AP surface (2^m) and produc-^ 
ing a large amount of 0^ and oxidizing species. 

For the reaction to take place, the fuel and 
oxidizer species have to undergo mixing; there- 
fore, the critical process is the diffusional 
mixing. The characteristic time for the gas- 
phase reactions decreases with the increase in 
pressure; therefore, at low pressures (particul- 
arly with small AP particle size), one can expect 
the gases from both the oxidizer and th8 binder 
to mix completely before reaction. However, with 
the increase in pressure or AP particle size, the 
reaction time becomes short and the mixing step 
may ultimately become ths limiting process. 

The exothermic reactions between the oxidi- 
zer and binder degradation products in the gas 
phase establish a flame and produce the final 
products. The enthalpy of these reactions is 
transferred back to the solid surface to sustain 
the decomposition processes. This conductive 
heat feedback from the flame to the propellant 
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Chapter 3 


The Thermal Behavior 
of Cyclotrimethylenetrinitramine (RDX) 
and Cyclotetramethylenetetranitramine (HMX) 


T. L. Boggs* 

Naval Weapons Center, China Lake, California 


Abstract 

The literature describing the physical properties, 
sublimation, decomposition, ignition, and sel f-defl agrati on 
of RDX and HMX is surveyed. Discussion of physical proper- 
ties includes the crystal 1 ography of the materials with 
emphasis on the polymorphs of HMX and the solid-phase 
transitions of HMX. The energetics and kinetics of HMX 
sublimation are discussed. The many reported values for 
energetics, kinetics, and species of thermal decomposition 
of the solid are presented. Discussion of possible reac- 
tion mechanisms is presented. The decomposition--species 
and energetics--of the liquid is discussed. Data from high 
heating rate studies are presented and compared with 
results obtained from the more traditional, controlled 
tests described. Results from shock tube studies are also 
presented. The ignition behavior of HMX is presented show- 
ing that when the sample is subjected to an energy flux 
several events occur with time: heating and gasification 
of the sample, reaction of the pyrolysis products, igni- 
tion, and self-deflagration. The dependence of self- 
deflagration rates as functions of pressure and initial 
sample temperature are given over the pressure range 1 atm 
<_ p <_ 50,000 psi and -150 to <_ 150°C. Scanning electron 
micrographs showing the surface of samples rapidly quenched 
while self-deflagrating are also shown. 


This paper is declared a work of the U.S. Government and therefore 
is in the pub! ic domain. 
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Introduction 

The cyclic nitramines cyclotrimethylenetrinitramine 
(CsHeNeOe), commonly called RDX, and cyclotetramethylene- 
tetranitramine (Ci+HsNeOs), commonly called HMX, are 
Important ingredients in propellants used in gun and solid 
rocket propulsion systems. RDX has also been called 
1 ,3,5-trinitro-l ,3,5 triazacyclohexane; 1 ,3,5-trimethylene 
trinitrami ne; hexogen (Soviet literature); and T-4. HMX 
has also been called 1,3, 5, 7 tetranitro-octahydro 1,3, 5, 7 
tetrazocine; 1,3, 5, 7 tetra-nitro 1,3, 5, 7 tetrazacyclo- 
octane; octahydro-1 ,3 ,5 ,7 tetrani tro-1 ,3 ,5,7 tetrazocine; 
and octogen (Soviet literature). It is widely known that 
the use of these ingredients offers many advantages. Due 
to the high energy of these compounds and the large amount 
of gas produced during the combustion, high values of 
specific impulse for rocket propellants and impetus for gun 
propellants can be achieved. In contrast to propellants 
based on ammonium perchlorate (AP), nitramine propellants 
do not produce hydrocloric acid (HC1) unless, of course, AP 
is incorporated into the propellant to serve as a ballistic 
modifier. Besides being corrosive, HC1 in the exhaust 
provides nucleation sites for moisture droplets to condense 
upon, thereby producing a visible contrail or secondary 
smoke. 

Although RDX is the cheaper of the two ingredients, 

HMX has desirable properties when compared to RDX. Beta 
HMX (the room temperature polymorph of HMX) has a density 
of 1.90 g/cm 3 compared to the 1.806 g/cm 3 of RDX. Beta HMX 
has an impact sensitivity for a 5 kg weight of approxi- 
mately 33 cm while RDX has 28 cm (type 12 drop test). The 
temperature required to cause an explosion in 5 s is 260°C 
for RDX compared to 327°C for HMX. The confined "cook-off" 
temperature is 180°C for RDX as compared to 210°C for HMX. 

This paper presents a survey of the literature 
describing HMX and RDX physical properties, sublimation, 
decomposition, ignition, and sel f-def 1 agration . This is a 
literature survey, not a literature review. A critical 
review was intended, but could not be adequately accom- 
plished because of lack of detail in some of the papers. 
Critical details were often not found in the paper and in 
many cases, when the author(s) was contacted, it would be 
found that the details either had not been recorded or 
could not be remembered. It is hard to make comparisons 
without knowing such crucial parameters as temperature, 
pressure, atmospheric gas, degree of containment, and 
heating rate. In a few cases, proper care in the conduct 
of an experiment seemed to be lacking. In addition, some 
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authors presented conflicting or inconsistent results from 
paper to paper and, in a few cases, within the same paper 
and made no effort to reconcile the inconsistencies. 

Because of these limitations, a survey rather than a 
review is presented. In several sections, the data from 
the various investigators are simply presented even though 
conflict is apparent. It is hoped that investigators 
describing their work in the future will be more mindful of 
the need to communicate, not only their results, but the 
conditions of the experiment(s) and the agreement/disagree- 
ment with previous work described in the literature. The 
conclusion of this survey lists experimental details and 
protocol that are necessary considerations if a criti- 
cal review/compari son is to be made. I would encourage 
investigators to provide this information in future papers. 

Crystal 1 ography 

RDX is an orthorhombic crystal (Pbca with a=13.18 A, 
b= 11.57 A, and c=10.71 A). There are four polymorphic 
forms of HMX initially described by McCrone. 1 These are 
the a, 3, Y> and 6 forms 2 listed in Table 1. The 3 HMX 
contains a ring conformation such that the NO 2 groups adopt 
a chairlike arrangement, giving the entire molecule a 
center of symmetry. 3 ’ 4 The ring conformations of a, y, 
and 6 HMX are such that all of the NO? groups are posi- 
tioned on one side of the molecule. 3 ’ > The B HMX is 
the commonly encountered form, but the other polymorphs, 
especially the 6, have relevance to the thermal decomposi- 
tion of HMX. The stabilities of the four polymorphs at 300 
K are B>a>Y>i$. The £5 form is stable at room temperature. 
The stability of the other polymorphs is a=115-156°C , y 
around 156°C, and 6=170-279°C. The densities of the 
polymorphs are: B=1 . 903 , a=1.87, y=1.82, and 6=1.78 
g/cm 3 . 

Each of these polymorphs and the interconversions 
among the polymorphs have been studied. _11 A review of 
this literature will not be presented here; however, recent 
work of Brill and co-workers will be presented since it 
bears on decomposition and self-deflagration of HMX (see, 
for example, Refs. 12 and 13). Landers and Brill 14 studied 
the 3 -*■ 6 polymorph transition as a function of pressure 
and temperature (previous studies of temperature sensitiv- 
ity had been made). Their work spanned the pressure range 
0.1-138 MPa (0-20,000 psig). They found that in this range 
the B -*■ 6 conversion temperature increased from 176 to 
210°C. Their data showed an interesting slope break at 69 
MPa (10,000 psi and 200°C). The thermodynamic parameters 
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Table 1 Polymorphic forms of HMX (from Ref. 2) 


Polymorph 3 

Crystal class Monoclinic 
Space group P2i/c 

Unit cell a=6.54 

Dimension b= 1 1 . 05 

A c=3. 70 

Angles, deg 3=124.3 


a y 6 

Orthorhombic Monoclinic Hexagonal 
Fdd2 PC], P2/c a P 6 ! 22 

a=l 5.14 a=10 .95 a=7.71 

b=23 .89 b=7 .93 

c=5.91 c=14 .61 c=32 .55 

3=119.4 


a Old data, new studies indicate neither space group 
appropri ate. 


Table 2 Thermodynamic parameters for $+& HMX 
transition (from Ref. 14) 


Temperature-pressure 

AH, kJ/mole a 

AS, J/°mole a 

175-200°C , 0. 1-69 

MPa 

10.1 (2.41 kcal/mole) 

23.4 

(0-10,000 psi) 
200-212°C, 69-138 

MPa 

17.7 (4.22 kcal/mole) 

41.1 

(l-2xl0 4 psi ) 




Calculated for T=431 K. 


for the 3 + 6 HMX transition are shown in Table 2. Their 
data showed the tendency of 3 + <5 transformation to occur 
at a lower temperature (for a given pressure) in large 
crystals than in small crystals. Near the transformation, 

6 HMX is the favored form in large crystals while 3 HMX is 
the favored form in small crystals, with the data for very 
fine powder HMX not displaying the slopebreak (in the pres- 
sure range studied) displayed by the data for the larger 
powders. 

Hall 15 showed AHg + <$ (at T=460 K) to be 2.35 ± 0.20 
kcal/mole (9.85 ± 0.84 kj/mole) and Selig showed 
AHg > 6 = 2.25 kcal/mole, in good agreement with Landers 
and Bri 1 1 . 14 

The earlier work by Landers and Brill was extended to 
higher pressures [138-690 MPa (20,000-100,000 psi)] in 
another study by Karpowicz and Brill. 17 A very pronounced 
particle size effect was observed at these higher pressures 
as shown in Fig. 1. The authors attribute this particle 
size effect to greater buildup of decomposition products 
within the crystals of the larger (175 ym) particles as 
compared to the smaller (3 ym) particles. In the large 
particles, trapped decomposition products destabilize 3 HMX 
with respect to conversion to 6 HMX, while the small 
particles do not retain the decomposition products, thereby 
yielding a truer 3 -*• 6 conversion line. The AH for 3 + 6 
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conversion of the 3 pm HMX (T < 240°C) was found to be 13 
kJ/mole (3.1 kcal/mole). At approximately 240°C and 207 
MPa (30,000 psi ) the 3 pm HMX decomposes and the AH rapidly 
rises to a limit of 232 kJ/mole (55.4 kcal/mole), which is 
very similar to the activation energies that others have 
determined for the decomposition of HMX (see later section 
on decomposition). As also shown in Fig. 1, 6 HMX is the 
stable polymorph above 248°C regardless of the pressure 
appl ied. 

Recent studies by Brill and Karpowicz 18 have deter- 
mined the kinetics for the transitions 3 6 [E = 204 ± 14 

kJ/mole (48.7 kcal/mole) and log A = 19.9 ±1], a 6 [E = 
208 ± 18 kJ/mole (49.7 kcal/mole) and log A = 19.9 ± 2], 
and y + 4 [E = 219 ± 20 kJ/mole (52.8 kcal/mole) and log A 
= 21.8 ± 2]. From these data, the authors propose a decom- 
position mechanism significantly different from those 
proposed by others involving the cleavage of covalent 
bonds. This new interpretation will be discussed later in 
the section dealing with decomposition of the solid. In 
addition, the work by Brill and co- workers 8 » 10 ” 12 > l/ > 1 
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Fig. 1 Transition line of 3^6 HMX chosen at the conditions where 6 HMX 
can no longer be detected: #175 ym HMX, □ 3 ym HMX (from Ref. 17). 
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mirrors the particle size effects seen in the decomposition 
studies of Goshgarian 12 and may help explain the crystal 
fracturing that has been a problem in self-deflagration 
studies . 1 > 19 > 20 In addition, modeling of HMX combustion 
has largely ignored the 6 + 6 phase transition. 

Yee, Adicoff, and Dibble 21 have studied the surface 
properties of 3 HMX crystals. The critical surface tension 
y c , solid surface energies y s , and the polarity y p /y 
of three principal crystal faces were obtained by measuring 
contact angles with several reference liquids. The values 
obtained are listed in Table 3, which shows that the three 
faces have different surface properties. This same con- 
clusion was obtained from the authors' infrared specular 
reflectance spectra. This work has application to the 
determination of mechanical properties of propellants as 
influenced by adhesion of the binder and HMX. 

The liquefaction of RDX and HMX has been studied but 
some controversy exists as to whether this liquefaction is 
truly melting. The controversy will be presented in the 
section dealing with liquid-phase processes. At this 
point, it is sufficient to give the liquefaction tempera- 
ture to have been measured at 180-205°C for RDX 22 ’ 23 and 
266-280°C for HMX. 1 > » 15 » 24 » 25 

Sublimation of HMX 

Several authors have reported results from studies of 
the sublimation of HMX. 13 > " 30 

The works of Rosen and Dickinson, Taylor and 
Crookes, 2 and Farber and Srivastava 2 ’ 30 indicate that 
HMX can evaporate without appreciable decomposition. The 
vapor pressures ranged 10" -10" 0 atm in the temperature 

range 98-130°C, 27 and 10- 7 -10- 5 atm at 188-213°C, 28 and 
5xl0- 7 to 5xl0- 3 atm at 175-275°C. 

Several authors have determined the heat of sublima- 
tion. Rosen and Dickinson 2 determined the heat of sub- 
limation from vapor pressure measurements over the 
97. 6-129. 3°C temperature range of 6 HMX to be 41.89 


Table 3 Surface properties of crystal faces 
(from Ref. 21) 


Crystal face 

TC> 

dyne/cm 

Ys> 2 
erg/cm 

Y p /Y 

(Oil) 

43 

45 

0.25 

(010) 

45 

46 

0.34 

(110) 

46 

48 

0.36 
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3 1 

kcal/mole. Meyer approximated the heat of sublimation of 
6 HMX by subtracting the heat of transformation of 3 6 

HMX from the heat of sublimation of 3 HMX giving a 39.55 
kcal/mole value. Goshgarian 12 reports a heat of sublima- 
tion at 150-180°C to be 25.3 kcal/mole, which is in good 
agreement with the 26.8 kcal/mole calculated by Edwards 26 
and a 38 kcal/mole value for the 250-270°C range, again 
citing agreement with Edwards 26 and with Taylor and 
Crookes. 

The activation energy of the HMX sublimation has been 
estimated by Kimura and Kubota, 2 subtracting RT from the 
heat of sublimation as proposed by Eyring 32 to give a cal- 
culated value of 39.45 kcal/mole. Kimura and Kubota 25 
report measured activation energies (over 253<T<263 K) of 
38.0 kcal/mole (for weight loss fraction a of 0.1-0. 4) and 
22.9 kcal/mole (for 0.2<a<0.55). 

Decomposition of the Solid 
RDX 


Several experiments have been performed below 203°C to 
study the decomposition of solid RDX. Batten and Murdie 22 
measured total pressure vs time for RDX decomposition in 
open-ended glass ampules with RDX spread on the bottom of a 
flask. Tests were run at two temperatures, 196.5 and 
180°C. At 196. 5°C the RDX sample bubbles at 40% decomposi- 
tion and is completely liquefied after 60% decomposition 
(independent of sample geometry). At 180°C more reaction 
was required before liquefaction occurs. The maximum rate 
does not correlate with the extent of liquefaction. When 
the samples were confined in ampules, the induction period 
and reaction time increased greatly and the curve was more 
autocatalytic in shape. From these two sets of observa- 
tions, the authors concluded that the acceleration in rate 
by progressive melting is of minor importance, but that the 
rate is greatly influenced by the reaction of active 
gaseous products with the undecomposed RDX. 

In the second part of their presentation. Batten and 
Murdie 33 determined the activation energy for RDX decompo- 
sition in the temperature range of 170-198°C. The values 
obtained differed for the test conditions: for the spread 
RDX the activation energy was 63 kcal/mole throughout the 
course of the reaction, while for the confined samples the 
activation energies were 49 kcal/mole for the induction 
period, 43 kcal/mole for the accleration period, and 63 
kcal/mole for the maximum rate. The effect of geometry 
upon the activation energy was attributed to gaseous pro- 
ducts influencing the reaction. 
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Subsequent work by Batten 23 * 34 using the spread RDX 
sample showed that 300 Torr of added N 2 , CO, CO 2 , or N 2 O 
retards the reaction slightly, H 2 O retards the reaction 
further, and both O 2 and NO 2 strongly retard the reaction 
over the entire course of the reaction. With sufficient 
NO 2 or O 2 , there was no residue at complete reaction and 
liquefaction of the sample was prevented. Addition of 130 
Torr HCHO, while not affecting the shape of the sigmoidal 
curve, did increase the rate (over added N 2 ) by a factor of 
6 at 170°C but by less than 2 at 197°C. With the added 
HCHO, the activation energy was 44 kcal/mole at all 
stages. Liquefaction occurs at a lower extent of decompo- 
sition when HCHO is added. 

Batten 35 also found that the nonvolatile residue 
greatly increases the rate when in contact with fresh RDX 
and at 196°C caused initial liquefaction of the sample. 
Prior ultraviolet irradiation also influenced the liquefac- 
tion process as well as enhancing the overall rate and 
virtually eliminating the induction period. 

Cosgrove and Owen 36 decomposed RDX at 195°C with the 
results shown in Table 4. They also studied the rates of 
the reaction. They found that at constant reactor volume 
(150 ml) varying the sample size by a factor of 10 did not 

affect the decomposition rate, but that the decomposition 
rate was directly proportional to the volume of the reac- 
tion vessel and that the addition of 314 Torr of nitrogen 
decreased the rate by a factor of 2 during the induction 


Table 4 Pecomposi tion products of RDX at 195°C, 
mole/mole (from Ref. 36) 


Product 5% reaction 3 9% reaction* 3 92% reaction 0 


n 2 

0,83 

n 2 o 

1.4 

NO 

0.86 

H 2 C0 

1.1 

CO 

0.20 

C0 2 

0.50 

HCN 

Present 

nh 3 

0.83 

HCOOH 

0.93 

no 3 

Present 

no 2 

Present 

h 2 o 

Present 

hoch 2 nhcoh 

Present 


0.65 

1.26 

0.92 

1.08 

1.30 

0.51 

1.2 

1.04 

0.16 

0.36 

0.30 

0.70 

Present 

Present 

0.69 

0.34 

0.60 

0.37 

0.29 

0.10 

Present 

0.02 

Present 

Present 

Present 

Present 


Reaction flasks: a 150 ml; b 868 ml; C 1 50 ml. 
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period. From these studies, they concluded that in the 
initial stages the vapor-phase decomposition of RDX is of 
primary importance. 

In a second publication, Cosgrove and Owens 3 pre- 
sented the effects of added gases on the decomposition of 
RDX at 195°C. They found that N 2 , N 2 0, C0 2 , and H 2 0 all 
inhibit the decomposition. The addition of NO decreased 
the rate, but not as drastically as the other gases. 
Formaldehyde addition increased the rate. Added 
1 ,3,5-trinitrobenzene, hydroxymethyl formamide, and methyl- 
ene diformamide greatly increased the rate. The authors 
concluded that these additives promote solution-phase 
decomposition and that initially a vapor-phase reaction 
occurs that becomes a liquid-phase reaction in the later 
stages. 

HMX 


Several experiments have been performed below 275°C in 
order to study the decomposition of solid HMX. These 
studies resulted in information on the energetics, 
kinetics, gas-phase products, and speculation of the 
decomposition mechanisms. Unfortunately , there are 
considerable differences among the investigations. In the 
following sections of this paper, results from the various 
investigations will be discussed and generalized summary 
tables given. 

Suryanarayana and Graybush 3 heated HMX (226-260°C) in 
a constant-volume system connected to a mass spectrometer. 
After an initial induction period, they found that: 

1) Rates of formation of N 2 0, N 2 , CO, and C0 2 were 
constant with time at 25-95% reacted (zero-order rate). 

2) NO formation rate was constant with time at 50-100% 
reacted. 

3) Rate of HCHO formation was constant at 15-40% HMX 
decomposition, then decreased and finally became negative 
(attributed to polymerization). 

4) The polymerization of HCHO resulted in sigmoidal 
pressurization curves even though the rate of decomposition 
was fairly uniform. 

5) HCHO maximum yield decreased with increasing 
temperature. 

6) Gaseous products at the end of the complete reac- 
tion (mole/mole HMX) were: 2.6 N 2 0, 0.5 N 2 , 0.4 NO, 0.4 
CO, 0.5 C0 2 , and 1.6-0. 5 CH 2 0. (The remaining C, N, 0 must 
have been in solid or as unmeasured products.) 

7) The gaseous products changed near the melting 
point. (N 2 0 decreased and N 2 and NO increased.) 
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Table 5 Decomposition of HMX and RDX (-CH 2 -N 14 -N 15 0 2 ) x , % a 

(from Ref. 40) 




n 14 n 15 o 

n 14 n 15 

n 15 o 

HCN 14 

HMX, 

230°C 

98 

93-100 

93-100 

100 

HMX, 

254°C 

98 

92 

95-100 

100 

HMX, 

285°C 

98 

95 

95-100 

100 

HMX, 

190°C 

99 

99 

95-100 

100 


a Test conditions: 50 mg sample, 380 cm 3 reactor, 
230-285°C, and 40 Torr argon. 


8) Zero-order rate constants for the formation of N 2 + 
N 2 0 + C0 2 were: below 245°C, k = 10 16 exp (-46,000/RT) 
s' 1 ; above 245°C, k = 10 5 exp (-18,500/RT) s. 

Suryanarayana, Graybush, and Autera 39 studied the 
decomposition of N 15 tagged HMX at 230, 254, and 285°C and 
the product gases were analyzed. They found the following 
products and percentages: 40% N 2 0, 9.9 NO, 9.6 N 2 » 4.5 
HCN, 22.9 HCHO, 8.5 C0 2 , and 4.1 CO. These are the 230°C 
results which are representative of the studies. A later 
publication by Suryanarayana et al. presented the 
decomposition of the labeled HMX and RDX 
(-CH 2 -N 14 -N 15 0 2 ) x as shown in Table 5. 

From these studies, the authors concluded that for 
these temperatures: 1) nearly all of the N 2 0 and N 2 form 
without rupture of the N-N bond, 2) NO forms from the N0 2 
group, and 3) HCN forms from the ring N. They concluded 
that fission of the N-N bond occurs to only a minor extent 
with the C-N bond being more vulnerable. Based on their 
observations, they proposed a "concerted" mechanism of HMX 
decomposition, as follows: 


no 2 




ch 2 o + n 2 o 
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In his review, 41 McCarty questioned whether such a 
mechanism is truly concerted following the principles of 
orbital symmetry and proposed several alternatives. 

Based on their work with tagged nitrogen HMX, Powers 
et al. 4 disagree with the conclusion that nearly all of 
the N 2 0 and N 2 form without rupture of the N-N bond. They 
used three sample types: N 15 HMX - 99.0% of all nitrogen 
is N 15 ; N 14 HMX - 99.0% of all nitrogen is N; and equal 
mole percent mixtures of N 14 and N 15 . They used a helium 
flow reactor with experimental conditions as nearly identi- 
cal as possible. The interesting features were in the 
40-50 m/e range. In all of the N 14 "HMX spectra, there was 
the typical m/e = 44 peak correspond!* ng to C0 2 + N 2 0. 

There was also a small 46 peak (N0 2 ) and a very small 45 
peak. In all of the N 15 -HMX spectra there were a 44 peak 
(C0 2 ) and a 46 peak (N 15 - N 15 = 0), but not a 45 peak. In 
the spectra of the 50-50 mole mixture of the materials, 
there were 44, 46, and 45 peaks. They take existence of 
the 45 peak as N 14 - N 15 = 0 only resulting from the N-N 
bond cleavage. From the size of the 45 peak in relation to 
the 46 peak, it appears that there is significant N-N bond 
cl eavage. 

Others 43-45 have suggested that unimolecular N-N0 2 
cleavage could be followed by concerted (or possible step- 
wise) breakdown to H 2 CN and two molecules of H 2 C = NN0 2 . 
Schroeder 43 has presented such a stepwise process as: 



Goshgarian has studied the decomposition of HMX over a 
temperature range of 250-284°C using a flowreactor mass 
spectrometer system. 13 The results of these tests are 
shown in Figs. 2 and 3. Figure 3 shows two regions of 
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decomposition in a solid as well as a liquid phase and a 
deflagration. The activation energies for these processes 
are also shown in the figure. The results of the product 
analysis (m/e) are shown in Fig. 3. Of particular interest 
is the m/e 70 specie which has been identified as a nitro- 
soamine, occurring prior to HMX liquefaction. Goshgarian 
postulated two possible structures for the m/e = 70 specie 
as: 


0 — c — H H 

1 ii \ 



H 

i n 


The ring labeled HMX shows this specie to occur at m/e = 
72, indicating Goshgarian's mechanism I to be the most 
reasonable. Goshgarian's differential scanning calorimet- 
ric results indicate an exotherm beginning at 274°C and 



Fig. 2 Changes in slope during HMX decomposition in solid, melt, and 
deflagration (from Ref. 12). 
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Fig. 3 Change in ion concentration vs temperature for HMX flowreactor 
tests (from Ref. 12). 


continuing to the "melting" point of 282°C, indicating 
exothermic condensed phase reactions. Schroeder 43 has sum- 
marized reports of nitrosoamine formation in the condensed 
phase and discussed some possible free radical mechanisms. 

Goshgarian subscribes to the HONO elimination mecha- 
nism proposed by McMillen et al . 44 to describe the solid- 
phase decomposition (T <550 K). [Shaw and Walker 45 have 
done an excellent job in presenting eight possible unimo- 
lecular steps for HMX decomposition, and Shroeder 46 ’ 4 
has done an excellent job in summarizing 13 different reac- 
tion schemes (the HONO elimination mechanism included) that 
may be involved in HMX decomposition.] Obviously, such 
detailed discussions are beyond the scope of this present 
work and the reader is referred to Refs. 45-47. 

Goshgarian 12 also noted a brown solid residue produced 
during decomposition at 220°C. This residue was found to 
be C 8 H 4 N 5 O 3 , thus indicating loss of H, N, and 0 from the 
HMX molecule. 

In addition to studying sublimation, Farber and 
Sri vastava 29 > 0 also studied the thermal decomposition at 
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175-275°C using two techniques: Langmuir evaporation or 
effusion, both coupled to a mass spectrometer. The 
Langmuir evaporation mass spectroscopy studies showed 
simultaneous sublimation and thermal decomposition of HMX. 
The major decomposition reaction product was found to be 
the C2H4N4O4 (148 amu) molecule. From these experiments, 
they proposed that the mechanism for the primary mode of 
the solid-phase HMX decomposition is a ring cleavage such 
as 


no 2 



2H.C-N-C-N-NO, 
Z l l I 

no 2 

148 amu 


In the effusion cell experiments they did find rela- 
tively small amounts of 222 amu and postulated that this 
relatively small quantity resulted from a decomposition 
mode of 



296 amu 



h 2 c 



N - N0 2 

I + H ? C = N - N0 2 

ch 2 

N ^ 74 amu 


N° 2 

222 amu 


Other peaks found for the effusion cell decomposition 
include 128, 120, 102, 74, 56, 46, 44, 32, 30, 28, and 18 
amu. The authors postulated these to be due to 


H 0 C - N - C - N - N0 0 


H 0 C 


’ I 


N0 0 


■ N - 
I 

NO') 


+ no 2 


148 amu 


102 amu 
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or, from the bond closure molecule, 

H 9 C - N - NO-} H 0 C - N - N0 9 

I l 2 I I 2 

N0 2 - N - CH 2 -► - N - CH 2 + N0 2 

102 amu 

The 102 amu fragment splits off another NO 2 group, 
y i el ding 


h 2 c = n - c - n - 

56 amu 

which can rearrange to form a more stable resonating 
molecule, 


H 

I 

HN = C - N = CH 2 
56 amu 


This molecule can split to produce two H 2 C=N radicals. The 
148 amu fragment can also split into two equal stable 
molecules. 


h 2 

h 9 c — N — c — N — N0 9 — ► 2 h 9 c = n - N0 9 

L \ I I z 1 1 

n °2 

148 amu 74 amu 


The peaks at 120 amu, CH 2 N 3 O 4 , and at 120 amu, C 3 H 2 N 4 O 2 , 
are apparently produced in the effusion cell as a result of 
the reaction of the gaseous products with the condensed 
phase and with each other. 

These peaks have also been observed by Goshgarian, 
Stals , 4 > 49 and Suryanarayana et al . 5 

Goshgarian 12 has postulated the formulation of the 128 
amu peak as 


h 2 c 

/ 




N0 0 


\ 

N - N0 2 
/ 


,ch 9 


‘ N 
N0 9 



N -N0 2 


+ 2 HONO 


HC ^ CH 9 

ss / L 


128 amu 


222 amu 
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The peak at 120 amu has been postulated by 
Stals 48 ’ 4 as ring migration of the N0 2 group. 


N°2 

I 

H ? C - N 
I I 
N - CH 2 

I 

no 2 


148 amu 


^ no 9 ncu 

^ . 1 

h 2 c - N — ► h 2 c - n - no 2 + h 2 cn 
N - CH 2 

no 2 

120 amu 28 amu 


Stals 48 ’ 49 also indicated that the formation of the 132 
amu peak results from the 148 amu molecule losing an 0 
atom. 


h 2 c - n - NO 

I I 

no 2 - n - ch 2 


2 


h 2 no 2 

I 

C - N 
I I 

0 = N- N-CH 2 + 0 


148 amu 132 amu 

In ESR studies, Beyer and Morgan 5 1-54 found a consid- 
erable number of free radicals produced from the decomposi- 
tion of HMX at 260°C. They attributed this free-radical 
spin resonance to the formation of H 2 CN* at 28 amu. Farber 
and Srivastava 2 » showed a mixture of the decomposition 
products CO, N 2 , and H 2 CN. Beyer postulated that the radi- 
cal H 2 CN is derived from 

h 2 c = n - no 2 — ► h 2 c = n- + no 2 

74 amu 28 amu 

29 30 

Farber and Srivastava » found neither 249 nor 250 
amu and concluded that the ring migration to form HNO 2 , one 


Table 6 Regions of thermal decomposition (from Ref. 25) 


Phase 

Temperature, 

°C 

Fract i on 
reacted 

Apparent 
reacti on 
order 

Kinetics , 
s _1 

I 

<255 

<0.2 

-9 

k=1.2xl0 24 expC 66 ’ 400 ) 
RT 

II 

253-264 

0.2-0.55 

0 

k-2.5xl0 7 expC 22,900 ) 

RT 

III 

264-276 

>.55 

1 

k-3.8xl0 23 expC 61,800 ) 

r ' DT 



THERMAL BEHAVIOR OF RDX AND HMX 


137 


of several mechanisms postulated by Shaw and Walker, 43 was 
not part of the decomposition mechanism. They also con- 
cluded that the N-N bond rupture would not produce NO 2 (a 
primary mode of decomposition) since it would require the 
mechanisms. 


H 0 C 



N- N0 2 


NO-) 


CH-, 


N 

I 

no 2 

296 amu 


h 2 c s 


CH 

\ 


no-, 


. CH-, 


N 

I 

no 2 

249 amu 


HNO-, 


NO-, 


NO-, 


H 2 C 

/ 

NO-, - N 
‘ \ 
H-,C > 


CH-, 


N- N0 2 

/ 

CH-, 


H-,C 


‘ N 

l 

NO-, 


N0 2 - N 


h 2 C , 


CH 2 

\ 

N - + N0 2 
/ 

. CH-> 


N 

NO-, 


296 amu 


250 amu 


The results of Farber and Srivastava 30 yielded an 
activation energy of 42 kcal/mole for the decomposition of 
HMX to N0 2 groups, which agrees well with that found by 
Goshgarian 12 for the temperature range 250-280°C (38 
kcal/mole for 250-270°C and 42 kcal/mole 271-280°C). 

Using differential scanning calorimetry (DSC), Hall 15 
found an activation energy for the decomposition between 
540-551 K to be 180-210 kcal/mole for runs at a 8 K/min 
scan rate. The enthalpy of decomposition was obtained 
using the DSC and scan rates of 0.5 K/min and reported to 
be -166 kcal/mole. 

Using TG-DTG, Kimura and Kubota 25 have shown that the 
thermal decomposition can be characterized by three 
regions. Table 6 gives the parameters for the 0.5°C/min 
heating at 1 atm air. The authors found their results to 
be a function of the heating rate used and concluded that 
the weight loss of HMX consists of several independent pro- 
cesses, and that one of the processes becomes the rate- 
determining step corresponding to the heating rate. 
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Kraeutle 24 > 55 also studied the decomposition of HMX 
using weight loss measurements. When he plotted weight 
loss as a function of time for different isothermal 
conditions at 229-269°C, he found that all of the curves 
had two distinct sections: an accelerator period that 
extended to approximately 20% decomposition, followed by a 
decay period. When Kraeutle excluded the acceleratory 
portion of the curves, used Erofeev's equation, and assumed 
a first-order decomposition, he calculated an activation 
energy of 49 kcal/mole and a pre-exponential factor of 
9.3xio 16 s - 1 for HMX decomposition in air. Kraeutle also 
found that his results were dependent on sample size. He 
attributed the effect to the HMX contributing to its own 
decomposition by the gaseous envi ronment--which would be 
dependent on HMX concentration. 

Kraeutle has also studied the decomposition of HMX in 
oxygen 24 ’ 55 and nitrogen 55 atmospheres, finding signifi- 
cant changes due to atmosphere. Weight loss data for the 
isothermal decomposition of solid HMX were taken over a 
temperature range of 229-269°C. The weight loss vs time 
curves show acceleratory (up to approximately 20% decom- 
position) and deceleratory branches. The acceleratory 
branches tend to be roughly the same regardless of the 
atmosphere, but the deceleratory portion of the curves is 
highly dependent upon the atmosphere. From the weight loss 
vs time curves, Kraeutle calculated rate constants for a 
first-order reaction using Erofeev's equation. These were 
plotted vs 1/T with the results, 

1) In oxygen: k = 1.2 x 10 17 exp (-49,700/RT) s' 1 

2) In air: k = 9.3 x 10 16 exp (-49,000/RT) s _1 

3) In nitrogen: k = 3.2 x 10 11 exp (-35,1 00/RT) s -1 

From these data, Kraeutle has concluded that oxygen is 

an inhibitor of the decomposition. He proposes that this 
is due to a shift of equilibrium of the reactions, 

HMX — C 4 H 8 N 7 0 6 + N0 2 


followed by 


2N0 2 — 2N0 + 0 2 

and cites agreement with the calculations of Shaw and 
Walker 45 for the N-N0 2 fission [k = 10 16 * 4 exp 
(-46,200/RT)] and McMillen et al., 44 who require an activa- 
tion energy of at least 46,000 kcal/mole and a prefactor of 
10 18 s" 1 for N"N0 2 bond scission. 

Kraeutle 55 also used noni sothermal differential ther- 
mal analysis (OTA) to study HMX decomposition. He deter- 
mined the following kinetic parameters for the 93 kPA air 
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tests: 


4 mg samples k=7.6 x 10 15 exp (44,700/RT) s 1 

5 mg samples k=4.5 x 10 15 exp (44,800/RT) s 1 

The differences between the expressions determined using 
the isothermal weight loss data and the nonisothermal DTA 
data were attributed to an appreciably smaller particle 
size of HMX in the DTA tests and the dilution of the sample 
with inert material in the DTA tests (cited in Ref. 56). 

Other DTA tests were made at high-pressure (3.54 MPa) 
nitrogen atmosphere. The kinetic parameters determined for 
2 mg samples, k=2.9xl0 8 exp (-25,900/RT) s’ 1 , are striking 
when compared to the parameters determined from the 
isothermal weight loss measurements at 1 atm. As will be 
shown later, Flanigan and Stokes 5 observed a similar pres- 
sure effect in their studies of liquid-phase decomposi- 
tion. Additional work needs to be performed to delineate 
and understand the pressure effects. 

The kinetic parameters determined from the several 
studies are tabulated in Table 7. As is obvious from the 
table, there are considerable differences between the 
investigators as to which kinetic parameters describe the 
decomposition of solid HMX. Obviously, more systematic 
work is needed in this area. In addition, the mechanism(s) 
of solid HMX decomposition has not been finally resolved. 
Several mechanisms have been proposed (see Shaw and 
Walker 45 and Schroeder 43 > 46 > 7 ), each with its propo- 
nents. Some subscribe to cleavage of the C-N bond and some 
to HONO elimination, while others say that HONO elimination 
is not part of the decomposition mechanism. Still others 
subscribe to fission of the N-N bond to produce N0 2 . Each 
group cites its supporting experimental evidence. Unfor- 
tunately, agreement between investigators does not seem to 
exist despite some claims of agreement; several investiga- 
tors cite only instances of agreement, not disagreement. 

In addition, a need exists to relate these low-temperature 
(below the liquefaction of HMX), low-heating-rate results 
to the results from decomposition of liquid studies, to the 
high-heating-rate studies, and to the ignition and combus- 
tion behavior of HMX. 

In the preceding discussions when mechanisms were con- 
sidered, the assumption was made that the initial chemical 
event in the thermal decomposition was the breakage of 
covalent bonds. Brill and Karpowicz 17 question this 
assumption. Instead, they suggest that the initial rate- 
controlling step for the decomposition in the condensed 



Table 7 Kinetic parameters for decomposition of solids 


Investigator Ref. A,s -1 E,kcal/mole Order Temp,°C Method 


RDX 


Batten and Murdie 

33 


63 a 


170-198 

Pressure vs time 




49 b 







43c 







63 d 




Batten 

23,34 


44 e 




HMX 







Maycock and 

Pai Vernecker 
Suryanarayana and 

58 

10 14 

10 3 

62 

1 (assumed) 

250-265 

Isothermal TGA 

Graybush 

38 

46 

0 (assumed) 

<245 

Mass spec, of 



18.5 

0 (assumed) 

>245 

decomposition 

products 


Suryanarayana, Graybush, 






and Autera 

39 


45 

1 (assumed) 

226-245 

Mass spec, of 




10-15 


245-268 

decomposition 




52 


>268 

products 

Hondee 

59,60 


44.2 


200-233 

Dynamic DTA 




62.3 


233-241 





52.7 


>241 




6.4xl0 18 

65.8 


232-241 

Isothermal DTA 

Rogers 

67 

51.3 


<280 

DSC 


(Table continued on next page.) 



Table 7 (cont.) Kinetic parameters for decomposition of solids 


Investi gator 

Ref. 

A, s ” 1 

E , kca 1 /mole 


Order 

Temp,°C 

Method 

HMX (cont.) 








Goshgarian 

12 


29.9 

1 

(assumed) 

200-240 

Mass spec of 




67.4 



240-260 

decomposition 




38 



250-270 

products 




42 



271-280 


Hall 

15 


180-210 



267-278 

DSC 

Farber and 








Sri vastava 

29 


42 

1 

(assumed) 

175-275 

Mass spec of 








products 

Kimura and Kubota 

25 

1 . 2 xl 0 24 

66.4 


-9 

<255 

TG-DTG 



2.5xl0 7 

22.9 


0 

253-264 




3.8xl0 23 

61.8 


1 

264-276 


Kraeutle 

55 

9.3xl0 16 

49 f 

1 

(assumed) 

229-269 

Isothermal 



1 . 2 xl 0 17 

49.79 




weight loss 



3.2xlO n 

35. l h 







7.6xl0 15 

44. 7 1 




Nonisothermal 



4.5xl0 15 

44.83 




DTA 



2.9x10® 

25. 9 k 





a Spread sample. 



e l 30 Torr of 

added HCHO. 

M mg sample in 93 KPa air. 

^Confined sample, 

induction 

peri od. 

'In air, 1 atm 

. 

3 5 mg sample in 93 KPa air. 

c Confined sample, 

acceleration period. 

9 I n oxygen, 

1 

atm. 

<3.54 MPa 

nitrogen. 

^Confined sample. 

maximum rate. 

^In nitrogen 

» 

1 atm. 
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phase (both solid and liquid) involves primarily the 
disruption of the strong intermol ecular electrostatic 
forces between the HMX molecules (and the HMX molecule and 
its decomposition products). They base this on a compari- 
son of Arrhenius data for phase transformations to those 
reported for the condensed phase (solid and liquid) decom- 
position process. Their paper 1 describes their kinetic 
study of the solid-solid phase transitions of HMX. Their 
results reveal why certain polymorph conversions are 
observed while others are not. The stability and conver- 
sion scheme originates in kinetic factors rather than in 
the enthalpy changes. The activation energies of the phase 
transitions (presented earlier) reflect the energy needed 
to disrupt the electrostatic forces in the crystal lattice 
of HMX. 

In their work, the kinetics of two solid-phase transi- 
tions were studied using a FT-IR spectrometer with an MCT 
detector scanning the 4D00-700 cm -1 region with 4 cm -1 
resolution. A heating rate of 2°C/min was used to reach 
the temperature range of the phase transition with the 
temperature then quickly stabilized. Four infrared spectra 
were recorded as a function of time at each temperature. 
Loss of absorbance in bands characteristic of the starting 
polymorph were measured at specific time intervals to 
determine the rate of change of concentration as a function 
of time. Plots of In concentration vs time produced 
straight lines characteristic of first-order reactions. 

They extend their interpretati on to the decomposition as it 
relates to the mobile liquid layer observed during rapid 
decomposition of HMX and RDX. They and Kraeutle, as will 
be discussed in the next section, question whether this 
liquid is a melt as it commonly has been called. They 
think of it as the dynamic breakup of the nitramine lattice 
accompanied by chemical decomposition. The liquefaction 
results from the mixture of decomposition products and HMX 
molecules, which is too heterogeneous to remain solid above 
270°C. 


Liquefaction 

Although several investigators write of RDX and HMX 
melting, experimental results indicate that the liquefac- 
tion is not a true melting in the sense of a phase change 
from solid to liquid occurring at a rather precise tempera- 
ture (and to some extent pressure) as discussed at the end 
of the previous section. The melting temperatures often 
quoted (205°C for RDX and 285°C for HMX 2 ) are not the 
temperatures representing equilibrium between the solid and 
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Table 8 Time to liquefy HMX as a function of temperature 
(average of 5 runs in 93 kPa air) (from Ref. 55) 


Temperature, °C 

Time, s Temperature, °C 

Time, s 

265 

No liquefaction 

271 

146.0 

266 

824.0 

272 

102.0 

267 

502.0 

273 

82.0 

268 

343.0 

274 

41.7 

269 

294.0 

275 

33.4 

270 

181.0 



Table 9 

Liquid RDX products of 

RDX, mole/mole 



(from Ref. 56) 





225°C 

267°C 


225 °C 

267 °C 

NO 

0.54 

0.75 

CO 

0.40 

0.29 

N 2 0 

n 2 

0.98 

1.16 

0.76 

1.03 

C0 2 

0.48 

0.44 


liquid states of the substance in question. As shown 
earlier. Batten and Murdie 22 observed liquefaction at 180°C 
for RDX and Batten 23 showed that the nonvolatile residue 
from RDX decomposition caused initial liquefaction of RDX 
at 196°C, while the HCHO atmosphere could hasten liquefac- 
tion at 196°C. 

Kraeutle 55 has studied the liquefaction of HMX. In 
his study, he placed particles in a preheated microfurnace 
and measured the time elapsed between the particles reach- 
ing the set temperature and the appearance of liquid. The 
results are presented in Table 8. 

In another series of tests, Kraeutle varied the sample 
weight, particle size (and hence the number of particles), 
and whether or not the furnace was covered. From these 
tests he concluded: 

1) At constant sample size, liquefaction depends on 
particle size. Processes occurring within a particle seem 
to be more important than surface processes. 

2) A minimum particle size is necessary for liquefac- 
tion at 266°C. Large particles have a lower limiting 
temperature. 

3) There is a minimum sample size (weight) for 
1 iquefaction. 

4) At constant sample size (weight) large particles 
liquefy faster than small particles. 

5) The importance of the gaseous environment was shown 
in the covered tests: covered tests yielded liquefaction. 
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Chapter 4 


Chemistry of Nitrate Ester and 
Nitramine Propellants 


Robert A. Fifer* 

U.S. Army Ballistic Research Laboratory 
Aberdeen Proving Ground, Maryland 


Abstract 

A review is presented of the ignition and combustion 
chemistry of the nitrate ester nitrocellulose (NC) and the 
nitramines HMX and RDX. Major topics include 1) decomposi- 
tion of NC, 2) mechanism of catalysis of nitrate ester pro- 
pellants, 3) decomposition of HMX and RDX, 4) the search 
for catalysts for nitramine propellants, and 5) flame reac- 
tions. Direct diagnostic techniques have not yet been in- 
vented for subsurface (condensed-phase) or heterogeneous 
(gas-solid) processes during deflagration. Also, sophisti- 
cated flame diagnostic techniques have not yet provided 
species concentration profiles. Consequently, current know- 
ledge of the combustion (and ignition) chemistry of these 
propellants comes from indirect sources, such as thermal 
decomposition experiments or isothermal gas-phase kinetic 
measurements. Even these are difficult to interpret; how- 
ever reasonable, although generally nonunique, mechanisms 
can be postulated. Catalysis of nitrate ester propellants 
by lead compounds begins in the subsurface reaction zone, 
but also apparently involves acceleration of heterogeneous 
or gas-phase processes in the "fizz" zone, causing enhanced 
heat conduction back to the surface. Effective catalysts 
for nitramine propellants have not yet been found. A new 
hypothesis is presented which accounts for the phase-depen- 
dent decomposition rate constants of propellant molecules. 


This paper is declared a work of the U.S. Government and there- 
fore is in the public domain. 

♦Chemist, Interior Ballistics Division. 
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Introduction 

Knowledge of the kinetics and mechanisms of the chemical 
reactions taking place during propellant burning is of more 
than just academic interest. If the detailed chemical pro- 
cesses were known, likely catalysts could be chosen intelli- 
gently rather than by costly and time-consuming trial-and- 
error techniques. Moreover, burning rate models often make 
use of global rate constants for the gas- and condensed-phase 
regions of reactions in order to determine the energy release 
profiles just above and below the regressing surface; if 
these are not known from independent experiments, the rate 
constants become adjustable parameters. The model then loses 
its "physical significance" and is of little value other than 
for empirical fitting of experimental burning rate data. 

Figure 1 shows the various reaction zones observed with 
nitrate ester propellants, including "single-base" nitrocellu- 
lose (NC) and "double-base" nitrocellulose-nitroglycerin (NC/ 
NG) types. Qualitative information of this type has come 
from visual and photographic observation J Quantitative in- 
formation concerning burning surface temperatures has come 
from imbedded thermocouple and optical techniques. The ther- 
mocouple techniques have in addition provided information 
concerning the variation of temperature with distance in the 
very thin zones in the condensed and gas phases near the 
surface (see Kubota et al. 2 for a review, with references, 
of these techniques). 

The reaction begins in the subsurface preheat zone. 

This is 'v 100 pm thick at 1 atm, decreasing to ^ 20 ym at 
20 atm. Chemical reaction may be confined to only the upper- 
most 10 or 20% of the thermal wave. At the regressing sur- 
face ("foam zone"), a gasification reaction takes place. 

The surface temperature is typically about 300°C and in- 
creases slowly with increasing pressure (burning rate). A 
nonluminous "primary flame zone" ("fizz zone") begins at 
the surface. The fizz zone, like the thermal wave, is quite 
thin (^ 200 ym at 1 atm, ^ 100 ym at 20 atm). At the top of 
the fizz zone, the temperature is roughly 800-1400°C, depend- 
ing on propellant energy and pressure. An induction zone 
("dark zone"), either thermal or kinetic in nature, extends 
above the fizz zone; in it the temperature, and presumably 
the concentrations of the major species, remain almost con- 
stant. A "secondary," luminous flame finally brings the 
combustion products to the final temperature, typically 2500- 
3500°C. The standoff of the secondary flame defines the 
dark zone length, which is about 1 cm at 15 atm. With in- 
creasing pressure, the dark zone collapses and the secondary 
flame approaches the regressing surface. Below about 15 atm 
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COOLING 

PRODUCT 

GASES 



TEMPERATURE 


Subsurface Fizz Zone 


Flame Zone 


Reaction 

ro-no 2 >■ 


Reaction Reaction 

R'GHO + N0 2 > NO + HCHO — » N 2 + CO + CO 

etc. + CO + C0 2 + H 2 0 + H 2 2 

H 2 0 + H 2 etc. 

etc. 


Surface 

Products 


Fizz, Dark Flame Zone 

Zone Products Products 


Fig. 1 Reaction zone structure, temperature profile, and probable 
species distribution for nitrate ester propellant. 


many propellants burn without a secondary flame. During 
such "fizz burning," no flame is visible (the primary flame 
is present, however) and the combustion products reflect the 
incomplete burning of the fizz zone. 

The following chemical changes take place in each reac- 
tion zone. In the subsurface reaction zone, initial endother- 
mic bondbreaking is followed by many secondary reactions, 
some of which are exothermic. Thermocouple data analysis 
indicates that approximately 50-100 cal/g are released. Based 
on thermal decomposition experiments, it is assumed that the 
surface products consist mainly of NO 2 plus a variety of 
aldehydes such as formaldehyde (HCHO) and glyoxal (CH0CH0), 
although it is probable that some of the NO 2 reacts within 
the solid phase and that significant amounts of CO, CO 2 , H 2 O, 
etc., are also produced there. In the fizz zone, the NO 2 is 
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partially reduced (to NO) by reactions with the aldehydes to 
release another 400 or 500 cal/g and produce significant 
amounts of final -product-type molecules (CO, CO 2 , H 2 O, H 2 ). 

The fizz zone products have been determined with sampling 
probes in the dark zone and by final product analysis for 
fizz burning samples (no secondary flame). In the secondary 
flame zone, the less reactive NO is reduced to N 2 , with some 
leftover formaldehyde perhaps playing a role in initiating 
the reaction. The reaction releases roughly another 500 
cal/g of energy and changes the ratios of the final -product- 
type molecules. The products are highly underoxidized (high 
CO, H 2 ) and, if burning takes place in air, considerably 
more energy is released in the flame reaction. 

For nitramine propel lants--those based on cyclotetra- 
methylenetetranitramine (HMX) or cyclotrimethylenetrinitra- 
mine (RDX)--the reaction zone structure and temperatures 
were not known until just recently. 3 Thermocouple measure- 
ments recently reported for inert binder nitramine propel - 
lants^ show that the zone structure is qualitatively identi- 
cal to that for the nitrate esters. (Measurements have not 
yet been made for the neat nitramines.) The presence of a 
dark zone suggests that NO may be present, which in turn 
may indicate that NO 2 is involved in the fizz zone. In ther- 
mal decomposition experiments with HMX and RDX at low temper- 
atures, HCHO and N 2 O are frequently observed as the major 
products; in other experiments significant amounts of HCN 
and NO 2 are also observed. Thus there are several possible 
rate-controlling flame reactions. When burned at low pres- 
sure, 5 HMX and RDX produce significant amounts of nonequil- 
ibrium products (NO, N 2 O, HCN, HCHO, etc.) in addition to 
N 2 and the water-gas species (CO, CO^, H 2 , H 2 O). 

The variation in surface temperature (T s ) with burning 
rate (r) should indicate the activation energy (E a ) for the 
surface gasification reaction [r « exp (-E a /RT S )]. If the 
rate-controlling process at the surface is dissociation of 
the O-NO 2 or N-NO 2 bond in the nitrate ester or nitramine, 
respectively, an E a of 35-45 kcal/mole would be expected. 

Such is apparently not the case. Published T s vs r data for 
double-base2>6 propellants suggest an E a of about 20 kcal/mole 
or less. For nitramines, the published data^ suggest a simi- 
larly low value (perhaps 10-15 kcal/mole). These low surface 
activation energies suggest that something other than nitro 
group separation is rate controlling at the surface. For the 
nitramines, this may be vaporization. For double-base pro- 
pellants, vaporization of NG may lead to a low E a , or it may 
be that NC is not present at the surface. 

The following review does not cover heterogeneous gas- 
solid reactions at the propellant surface--a potentially 
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important effect for which there is, unfortunately, no avail- 
able experimental data. Binder-nitramine chemical interac- 
tions are potentially very important in determining propel- 
lant vulnerability,? but this area is beyond the scope of 
this review. Finally, the phenomenon of burning rate "slope 
breaks" in nitramine propellants will not be discussed, since 
it appears that the observed burning rate transitions are as- 
sociated with the composite nature of nitramine propellants 
(binder-nitramine diffusional flame mixing or nitramine 
particle ignition delay effects) rather than with specific 
changes in chemical mechanism with pressure. 3 

Decomposition of Nitrocellulose 

Nitrocellulose is prepared by acid nitration of natural 
cellulose obtained from either cotton 1 inters or woodpulp. 

The nitration procedure and, to some extent, the properties 
of the final product depend on the source of the cellulose. 
This is because in different celluloses there are differences 
in impurities, in the relative amounts of amorphous and 
crystalline regions, and within the crystalline regions in 
the relative amounts of the two known crystal forms. Typical 
nitrocelluloses are high-molecular-weight (10^-10® g/mole) 
polymer chains composed of anhydrogl ucose units, each con- 
taining up to three nitrate groups. Two such units for fully 
nitrated cellulose are: 

6 



Fully nitrated NC is 14.14% nitrogen by weight. For NC 
containing an average of two nitrate groups per unit, the 
nitrogen content is about 11.11%. Nitrocelluloses used in 
propellants commonly are 12-13.2% nitrogen and therefore 
have a significant number of unnitrated hydroxyl (-0H) groups 
randomly distributed along the polymer. The preparation and 
properties of NC are reviewed by Urbanski,^ who also gives 
references to a number of the older thermal decomposition 
studies that cannot be included in this review. 
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Table 1 Kinetic parameters for nitrate esters 



System 

Temp. 
Range, °C 

Method 

Log 1Q A, E a k at 

s' 1 kcal/mole 1 77°C ,s _1 Ref. 


NC 

* 135 

FI owing 

19.30 

46.2 

7.3*1 0 -4 

9 



C02 





NC 

84-162 

Flowing 


46.7 


10 



n 2 



_3 


NC (in 

165-200 

Gas 

18.0 

43.0 

1.3-10 J 

11 

sol ) 


evolution 



A 


NC 

140-190 

I.r. 

18.36 

44.3 

o 

o 

1 

-F 

12 



thin film 



A 


NC 

140-190 

TGA, vac. 

1 7. 92 a 

43.7 

5.0-1 0” 4 

12 

NC 

100-170 

Mass Spec, 


38.0 


13 



vac. 



A 


NC 

140-165 

DTA 

19.0 

47.0 

1.5-107 

14 

NC 

140-165 

DTA 

12.0 

31 .0 

8.8-10 

14 

NC 

90-140 

Tal iani , 


30.7 


15 



ai r 





NC 

90-140 

Tal iani , 


37.6 


15 

NC 

180-290 

DT$, thin 


41 .2 


16 



film 





NC + NG 

~ 170 

TGA, air 

18.88 

45.3 

7.6-10"^ 

17 

NC + NG 

* 212 

DTA, air 

14.30 

35.6 

1 .0-10"^ 

17 

NG (gas) 

150-160 

I.r. 

15.51 

36.0 

1 .0-10^ 

18 

NG (liq) 

150-160 

I.r. 

20.20 

46.9 

2.7-10”'* 

18 

ch 3 ono 2 

210-240 


15.5 

39.8 

1.5-1 0” 4 

19 

(gas) 







ch 3 ch 2 ono 2 

160-210 


16.5 

39.4 

2.3-1 0” 3 

19 


(gas) 


Calculated from published data; value quoted (18.95) not 
consistent with results 


Kinetics of Nitrocellulose Decomposition 


Some kinetic parameters for NC are shown in Table 1, 
together with some results for methyl and ethyl nitrate and 
nitroglycerin. Activation energies for NC range from 31-47 
kcal/mole, but generally fall in the 44-47 kcal/mole range 
when care is taken to avoid product acceleration ("auto- 
catalysis"). A thorough study was conducted by Phillips, 
Orlich, and Steinberger . They decomposed thin 3 pm) 
films of NC (11.01-13.96% N) in a vacuum and measured the 
rate constant both from weight loss and from the disappearance 
and appearance of infrared (i.r.) bands. 

The effects of film thickness, pressure, and stabilizers 
were also investigated. The rate constants for almost fully 
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nitrated (13.96% N) NC (Table 1) were almost two times larger 
than those for a partially nitrated (11.01% N) sample, and 
exhibited a short period of somewhat slower decomposition 
early in the degradation. The turn-of-the-century results 
of Will 9 are in excellent agreement with those of Phillips, 
as are also the TGA results of Eisenreichl? for a double- 
base propellant after NG evaporation. 

The published E a and pre-exponential factors (A) for 
nitrocellulose are somewhat higher than expected, and no 
satisfactory explanation for this has been put forward in 
the literature. Gaseous methyl and ethyl nitrate (Table 1) 
exhibit "normal" kinetic parameters: the observed activation 
energies (39-40 kcal/mole) are quite close to the O-NO 2 bond 
dissociation energies, and logioA (15.5-16.5) is in the nor- 
mal range for a unimolecular dissociation. For NC, E a should 
be even lower than for the gaseous nitrates, since the stabi- 
lity of a nitrate group is decreased if there is another 
nitrate group in the vicinal position. An E a of perhaps 35- 
38 kcal/mole would therefore seem reasonable rather than the 
observed 43-47 kcal/mole. This, plus the low NO 2 yields 
observed in many studies, has led some investigators 20,21 
to conclude that some process other than O-NO 2 bond breaking 
must be involved in the primary dissociation step. 

An "autocatalytic" (product acceleration) process would 
not explain these results, since "autocatalytic" effects 
generally tend to give low rather than high A and E a . For 
example, Manelis et alJ4 report E a = 31, logioA = 12 for 
NC under autocatalytic conditions. A chain reaction initi- 
ated by 0-N02 bond breaking might produce a large A factor 
if the chain length were long, but probably would not pro- 
duce an overall E a larger than that of the rate-determining 
step in the sequence. 

A simple explanation for the unusual kinetic parameters 
of NC appears to have been overlooked and is proposed here. 
This is that the condensed-phase reaction is inhibited by 
NO 2 with the inhibition decreasing with increasing tempera- 
ture. Mobility is severely limited for the newly formed NO 2 
molecule in the solid; most of the time it will recombine to 
regenerate the nitrate group. (This apparently must occur 
in a time scale short compared to the lifetime of the 
radical produced in the initial dissociation.) The result 
is that the measured reaction rate is slower than the rate 
at which dissociation is occurring. With increasing tem- 
perature, the inhibiting effect of the recombination reac- 
tion diminishes, due to increased mobility with increasing 
temperature and/or the expected tendency with increasing 
temperature for the NO 2 to undergo an oxidation-reduction 
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22 

reaction rather than a recombination reaction. (Recombi- 
nation reactions have lower E a than other types of reaction; 
in the gas phase they frequently have negative E a .) The 
net result is that the reaction has a large apparent activa- 
tion energy, which in turn necessitates a high-frequency fac- 
tor to account for the experimentally measured rate. Waring 
and Krastins^S suggested such an autoinhibition mechanism to 
explain their results for nitroglycerin, which they found 
decomposed more slowly in the liquid phase than in the gas 
phase, with liquid-phase apparent E a and A much higher than 
for the gas-phase decomposition (see Table 1). 

The proposed effect is equivalent to what is known as 
the "cage effect" and has been observed for many reactions in 
solution. Koenig and Fischer23 have reviewed the experimen- 
tal evidence for, and theoretical treatment of, "cage effects. 
As will be shown below, this hypothesis also explains the 
phase-dependent (solid/liquid/solution/gas) rate constants 
of the nitramines HMX and RDX. 

The explanation proposed above for the unusual kinetic 
parameters for NC explains as well the solution-phase results 
of Smith"!! for decomposition of a 1% solution of NC in 1- 
chloro-2, 4-dinitrobenzene (Table 1). At 177°C (450K), the 
rate measured by Smith is twice as high as calculated from 
the expressions of W i 1 1 9 a nd Phillips et al J2 for solid NC. 
Also the E a (43) and logioA (18) in solution are somewhat 
lower than for the solid. This is as would be expected for 
the proposed mechanism, since mobility is higher in solution 
than in the solid phase and the NO 2 formed by dissociation 
is less likely to undergo recombination. 

The practical implications of the proposed mechanism are 
quite important: the rate expressions determined at M60°C 
for NC may seriously overestimate the rate of reaction if ex- 
trapolated to propellant burning surface temperatures (e.g., 
320-400°C). For example, for nitroglycerin at 377°C (65QK), 
the rate constant predicted for the liquid (2.7 x TCP s”1) is 
more than an order of magnitude higher than for the gas 
(2.5 x 1C>3 s - l). In fact, however, inhibition would be ex- 
pected to cease at some intermediate temperature and the high- 
temperature liquid decomposition would then have a low A and 
E a like those for the gas phase. Since there are no data 
available for gaseous NC, the rate constant for the high- 
temperature uninhibited reaction must be considered to be 
unknown. 

Products and Mechanism of Nitrocellulose Decomposition 

Most attempts to determine the decomposition pathway of 
NC have involved determination of the gaseous products formed 
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during decomposition. Very little has been learned in this 
way. Apparently, many condensed-phase reactions occur be- 
tween the initial dissociation reaction and the appearance of 
gaseous species. Thus, for example, even when thin films 
(e.g., 5 urn) of NC are decomposed slowly in a vacuum, the 
observed gaseous products consist mostly of final-product-type 
molecules: CO, C02> and H 2 O plus smaller amounts of H2 and N 2 . 
In addition, large amounts of nitric oxide (NO) are usually 
observed, along with lesser amounts of N 2 O, HCN, HCHO, (CH0)2, 
plus trace amounts of various hydrocarbon and CHO species. 

A few investigators observe N0 2 - 

The nitrate esters are generally assumed to dissociate 
by rupture of one of the O-NO 2 bonds to form NO 2 and an 
alkoxy radical. The failure of some investigators to observe 
NO 2 has led them to question this assumption. For example, 
Dauerman and Taj'ima^O and Tranchant^i observed no NO 2 during 
vacuum decomposition of NC. Juhasz and Rocchio^A observed 
no NO 2 during studies of the pyrolysis of NC at high heating 
rates (10^ deg/s), but did not expect NO 2 to survive the 
chromatographic column used to separate the gases prior to 
mass spectrometric identification. In other studies, no 
analysis for NO 2 is reported. 

Taken as a whole, however, the literature indicates that 
considerable amounts of NO 2 can be observed during NC decom- 
position under the right experimental conditions. Unlike 
Dauerman, 20 both Mal'chevskii et alJ3 anc | Farber and 
Stri vastava25 have observed large amounts of NO 2 using time- 
of-flight mass spectrometric analysis for NC decomposed in a 
vacuum. Rideal and Robertson26 obtained 10.1% NO 2 (plus 
37.2% NO, 9.9% N 2 , and 5.4% N 2 O) in the gaseous products for 
NC (only 10.3% N) decomposed in a vacuum at 160°C. Lengelle 

et al. 27 found 28.3% N0 2 (plus 10.3% NO) for a double-base 
propellant decomposed rapidly in a vacuum by being pressed 
against a metal plate electrically heated to 300°C, simula- 
ting a burning surface temperature. By using highly nitrated 
(14.0% N) NC and very small extents of weight losses (^4%), 
Gelernter et al .28 were able to observe NO 2 /NO ratios as high, 
as 2 for decomposition of NC at about 150°C in a current of 
cold inert gas. Bent and Crawford29 also obtained evidence 
for NO 2 formation for NC decomposed in potassium halide 
pressed disks. 

Actually, the experimental conditions necessary to pre- 
vent the disappearance of NO 2 in secondary reactions were 
elucidated long ago by Robertson and Napper.30 Using rela- 
tively large (2 g) samples of NC (13.1% N) at 135°C, approxi- 
mately 40% of the nitrogen was obtained as NO 2 when the gas- 
eous products were removed in a stream of CO 2 . Experiments 
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were also carried out in a stationary atmosphere of CO 2 and 
in a vacuum, giving values of about 15 and 25%, respectively. 
Flowing CO 2 was considered to be more effective than a vacuum 
because it minimized diffusion of the NO 2 back into the heat- 
ed NC (it would also minimize contact of the decomposition 
gases with the heated wall surfaces near the sample). 

Robertson also showed that traces of liquid (but not gaseous) 
water dramatically decreased the amount of NO 2 observed. 

Thus, there appears to be little question that NO 2 is 
produced in large amounts during decomposition of nitrocellu- 
lose, but the amount observed is very sensitive to experi- 
mental conditions. Decomposition in a stream of cold inert 
gas seems to be more effective than vacuum techniques in 
preventing secondary reactions. It is not clear whether the 
reactions which remove NO 2 are gas-phase reactions or hetero- 
geneous reactions between gaseous products and nitrocellulose. 
Small sample size, low decomposition temperature, and small 
extent of reaction all promote a high NC^ yield. 

Although the observed gaseous decomposition products do 
not provide much insight concerning the reactions that follow 
the initial rupture of the O-NO 2 bond, there is considerable 
evidence that the secondary reactions in the condensed phase 
do not lead immediately to degradation of the glucose ring 
into gaseous species. For example, for small extent of re- 
action of highly nitrated samples, Gelernter et al.28 found 
that the NO 2 (plus NO) liberated accounted for almost all of 
the observed weight loss, i.e., very little CO, CO 2 , and other 
volatiles were liberated. This indicates that the alkoxy 
radical produced in the initial dissociation reacts or rear- 
ranges in such a way that a stable solid species remains. 
Similarly, Manelis et al J4 found that at the lower tempera- 
tures the rate constant deduced from heat liberation was 
higher than that derived from weight loss, indicating that 
exothermic reactions unaccompanied by weight loss (gas 
evolution) take place early in the decomposition. 

Much more can be learned by residue analysis for parti- 
ally decomposed samples and by experiments with isotopically 
tagged nitrocellulose. From infrared spectra, both Phillips 
et al .12 and Gelernter et al.28 found that one carbonyl 
group forms in the solid for each nitrate group lost. This 
is consistent with the generally accepted view that aldehydes 
and ketones result from O-NO 2 bond fission. Gelernter, how- 
ever, also observed some hydroxyl, suggesting some abstraction 
by the intermediate alkoxy radical. Gelernter et al . per- 
formed experiments with partially nitrated NC tagged with 
I^n on the sixth carbon atom of the glucoside unit. The 
amount of 15 m in the gaseous decomposition products was lower 
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than in the starting material and increased with time, indi- 
cating that the nitrate groups on carbon atoms 2 and 3 are 
less stable than the one on carbon 6 and therefore dissociate 
earlier in the decomposition sequence. 

31 

Wolfrom et al. have published a series of papers des- 
cribing extensive studies of the products formed during burn- 
ing of nitrocellulose at reduced pressure (2-300 Torr). 

These experiments involved analysis of solid and liquid de- 
composition residues, as well as analysis of volatile products 
from samples isotopically labeled with 14c a t different carbon 
atoms in the glucoside ring. Only a few of the findings of 
these experiments can be detailed here. 

When ignited at 2-3 Torr, 3 ^ 9 the nitrocellulose (12.6% 

N) produced an amorphous solid residue in good yield (^50%). 
This was identified as a fragmented oxycellulose nitrate 
(^9% N) consisting of still-intact glucose rings as well as 
glucose units apparently broken between C2 and C3 by sequen- 
tial elimination of two NO 2 molecules, the resulting radical 
sites being stabilized by formation of carbonyl (i .e ., aldehyde) 
groups. The residue also contained carboxyl and hydroxyl 


carbonyl : -d=0 


0 

II 

carboxyl: -C-0H 


H 

I 

hydroxyl : -C-0H 
H 


groups, suggesting some al koxyl radical stabilization 
by H-atom transfer. At somewhat higher pressures^l b,c a 
liquid mixture formed, being produced in greatest amounts at 
^30 Torr. The main components of this liquid were water, 
formic acid (HC00H), formaldehyde, and glyoxal (CH0CH0),31b 
plus minor amounts of other carbonyl and carboxyl compounds 
including acetone, acetaldehyde, acrolein, ethyl acetate, and 
others. 31g A triose (phenylosazone) and glyceraldehyde were 
also detected. The gases produced under these conditions 
consisted of CO, COo, NO, N 2 O, NO 2 , and HCN .31c Nitrogen was 
observed in the condensable products only in the form of 
a-hydroxynitriles 

OH 

- C - C = N 

I 


and dissolve cyanide (-C=N). The nitriles apparently resulted 
from reactions of CN with carbonyl compounds, possibly in the 
gas phase. The total yield of triple-bound carbon-nitrogen 
was independent of pressure (2-300 Torr), suggesting that the 
cyano group forms early in the ignition process and is stable 
once formed. Its formation is difficult to explain. Wolfrom 
suggested^' 0 that it might result from dissociation of for- 
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maldehyde oximine 


CH 2 N0H HCN + H 2 0 


In other experiments, ^ ,e Wolfrom et al. analyzed the 
radioactive content of the volatile ignition products of nitro- 
cellulose labeled with 14-C a t either the Cl and C6 31 d or the 
C2 and C5^1e positions. These experiments indicated that 
formaldehyde is produced mainly from C6, glyoxal mainly from 
C2 and one of its neighbors (largely Cl), and carbon dioxide 
and formic acid mainly from Cl and to a lesser extent from 
C2-C5 . 

Other potentially valuable experiments with labeled NC 
can be proposed. For example, since the oxygen of the alco- 
hol groups is not eliminated during nitration of cellulose, 32 
samples of NC prepared from an l^o-enriched sulfuric acid- 
nitric acid-water mixture will have nitrate groups in which 
only two of the three nitrate oxygens are I8o enriched. 

Thermal decomposition studies using samples tagged in this 
way would undoubtedly provide additional information about 
the decomposition mechanism--for example, which products 
contain oxygen derived from NO 2 oxidation-reduction reactions. 

Unfortunately, the sequence of reactions is probably so 
complex that it is unlikely that the total mechanism leading 
to gaseous products will ever be completely understood. 
Different glucose units in the NC polymer may break down by 
different pathways, both because initial bond breaking can 
occur at any of three sites and because the resulting alkoxy 
radical can be stabilized in a number of different and possi- 
bly competing ways. There is good evidence that the breaking 
of one of the O-NO 2 bonds is the first step and that this 
may be followed by elimination of the adjacent N0 2 and break- 
ing of the C2-C3 bond, e.g.. 



Alternatively, or subsequently, cleavage of the O-NO 2 bond at 
C6 could occur, followed by elimination of formaldehyde, e.g., 


CH 2 0N0 2 



2 steps 


* 



+ NO 2 
+ HCHO 


(III) 
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If both processes were to occur in the same glucose unit, a 
radical would result that could rearrange with chain cleavage 
to give glyoxal , e.g. , 


V v 

E ,/X / 'H 

K HC=0 HC=0 


. 0 — 


V 

R'0 / \ 


C=0 


(IV) 


H' 


c=o 

/ (V) 


HC=0 

I 

HC=0 


However, any of the three alkoxy radical sites in this scheme 
could also form a hydroxyl group and/or the radical site in 
IV could also be stabilized by H-atom addition to C5, chang- 
ing the subsequent course of the decomposition. If an H-atom 
were to be removed from Cl, chain breaking could occur with 
formation of a carboxyl group at Cl. (All these and other 
possible reactions are discussed by Wolfrom.31a,b) Further- 
more it is not known which of the larger condensed-phase 
fragments might be attacked by NO 2 . The number of possible 
schemes that can be written is almost unlimited, and any 
proposed mechanism involving reactions beyond the first step 
or two is little more than speculation. This situation is 
unlikely to improve unless rapid diagnostic techniques can be 
devised to monitor condensed-phase reactions as they occur. 

Plasticizers and Stabilizers in Nitrocellulose Decomposition 


Double-base propellants contain, in addition to NC, ni- 
troglycerin (NG) plasticizer and various stabilizers, and it 
is important to determine what effect these have on the ther- 
mal decomposition of NC. Korobeinichev and Khlevnoi33 have 
decomposed a double-base propellant in the ion source (P = 

10 Torr) of a time-of flight mass spectrometer. At 170- 
200°C the mass peaks observed corresponded to those due to 
electron fragmentation of NG, and only at higher temperatures 
were NC decomposition products observed along with the NG. 
This suggests that the primary process in the propellant is 
not dissociation of the NC, but evaporation of the plastici- 
zer. (Phillips34 had already suggested that the large 46/30 
peak ratio reported by Dauerman et a 1 . 35 was not, as claimed 
by Dauerman, evidence of NO 3 formation, but rather due to 
vaporization of NG from the propellant.) Using pulsed heat- 
ing thermogravimetric techniques, Aleksandrov and Khlevnoi36 
measured the evaporation rate of volatiles from a double- 
base propellant as a function of sample thickness. Half 
times as short as 0.1 s were measured for the thinnest sam- 
ples ('vl yni) at the highest temperatures (200-210°C) where 
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NC decomposition did not affect the measurements. A rate 
law for the diffusion controlled evaporation was derived 
with an "activation energy" of 13.6 kcal/mole. [Eisenreich 
and Pfeill? have recently reported a similar value (13.8 
kcal/mole)]. Aleksandrov and Khlevnoi concluded that- there 
must be a very thin layer (thinner than the thermal wave) 
of NG-free NC at the surface of the propellant, enabling 
the surface temperature (>300°C) to be much higher than the 

boiling temperature of the volatiles ( r ^200-230°C) . These 
ideas differ from those of Koval' skii et al.,37 who suggest- 
ed that, although the burning rate at low pressure is control- 
led by .condensed-phase reactions, the surface temperature is 
determined by the boiling point of the volatiles. This was 
based on their observation that 1) T s was largely independent 
of initial propellant temperature, and 2) a plot of log P vs 
1/T S gave a slope corresponding to a heat of vaporization of 
26 kcal/mole, only a few kcal/mole higher than expected for 
NG evaporation. 

Thus, nitroglycerin seems to vaporize from NC before 
decomposition (at least in most thermal decomposition experi- 
ments if not during burning) and there is no information 
available concerning what effect, if any, NG might have on 
the kinetics or mechanism of nitrocellulose decomposition. 

Such is not the case with the stabilizers commonly added to 
NC-based propellants to improve storage life. Stabilizers 
are believed to react with the small amounts of NO 2 liberated 
from NC, and by so doing prevent further degradation of the 
polymer via oxidation by the free NO 2 ("autocatalysis"). For 
example, Frey^S found that after storage some of the diphenyl- 
amine stabilizer in a propellant is converted into N-nitro- 
sodiphenyl amine, as well as the mono-, d i - , and trinitrodi- 
phenyl amines. Aleksandrov and Bufetovas report a twofold 
increase in the heat release rate (180-280°C) for a propel- 
lant containing centralite stabilizer, with no increase in 
the apparent activation energy. Stabilizers that form nitro 
compounds would in general release a hydrogen atom in the 
process. This hydrogen atom might then stabilize the radi- 
cal produced by converting it to a hydroxyl group, e.g., 


-CO-NO, -> 

l 3 



-COH + RNO 

1 


2 


Sollott and Einberg^ have performed extensive tests to 
determine the types of molecules that make the best stabili- 
zers. 
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Chapter 5 


Solid-Propellant Ignition Theories and Experiments 


Clarke E. Hermance* 
University of Waterloo, Ontario, Canada 


Abstract 

The experimental and theoretical literature pertaining to 
the ignition of solid propellants over the period 1966-1980 is 
reviewed. The purpose is to present a cohesive description 
and evaluation of the research in solid-propellant ignition to 
date. Experimental research papers are reviewed first, then 
the theoretical papers are introduced; finally a summary is 
presented. As a result it seems clear that, while previously 
detailed experimental work was required, it now appears that 
further theory is necessary. It is finally evident, however, 
that the establishment of a sustained exothermic reaction in 
the gas phase is a necessary condition for the ignition of 
both homogeneous and composite propellants. Finally, needed 
experimental and theoretical research is indicated. 


Nomencl ature 

A = nondimensional heat release parameter 

a = (pX/c) or p 2 D 

B = nondimensional heat absorption (endothermicity ) 
parameter 
b = constant 

C = concentration, kg/m 3 


Copyright ©American Institute of Aeronautics and Astronautics, 
Inc. 1982. All rights reserved. 

*Professor, Department of Mechanical Engineering (pre- 
sently with University of Vermont, Burlington). 
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c,c' = specific heat, J/kg’K 

D = mass diffusivity, m 2 /s 

E = activation energy, J/kg-mole’K 

E ' , E ‘ ' = dimensionless activation energies; E/RT 0 , 

E g/ RT o 

F = operator, 3/9x - 3 /3x 

G = operator, 3/3x - V 3/3? - 3 2 /3£ 2 

H = operator, 3/3x - V 3/3£ - 3 2 /3£ 2 

h = enthalpy, J/kg £ 

I' = radiant flux, J/m . s' 

I = radiant flux parameter, m 

L,L* = ignition criterion indicator 

n = reaction order or stoichiometry coefficient 

P = pressure, Pa 

Q = heat of reaction, absolute value, J/kg or 

dimensionless equivalent 2 
q = heat flux (external), J/m is 

R = universal gas constant 

r = solid phase regression rate, m/s 

T = temperature, K 

t = time, often dimensionless 

U = nondimensional velocity, + X direction 

v = dimensionless similarity parameter 

W = nondimensional Arrhenius rate function 

X = mole fraction 

x = distance, dimensionless 

V = mass fraction 

Z = Arrhenius pre-exponential factor, appropriate units 
a = dimensionless parameter, defined in text, p 

a' = thermal diffusivity, m 2 /s 

r = thermal responsi vity, (Xpc)l/2 s ratio: gas to solid 
y = dimensionless parameter, defined in text, p 

A = dimensionless parameter 

6 = 9c/E', dimensionless parameter 

e = fraction reacted, dimensionless ratio 

n = dimensionless length variable; or space/time 
similarity variable 

6 = dimensionless temperature, T/T 0 or (T-T 0 )/To 

X = thermal conductivity, J/m*s*K 

p = dimensionless extinction coefficient 

? = dimensionless space variable, 5 = qx/XT 0 

p = density 

a = dimensionless time 

x = dimensionless time, = t'q/XpcT 0 2 

<t> = dimensionless temperature difference, or RT/E 

¥ = dimensionless temperature difference 

to = symbol for exp(-x) 

n = dimensionless heat flux 
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Subscripts 


c 

e 

exp 

f 

g 

i 

j 

o 

s 

os 
ox 
ss 
T, C 


critical 

external, applied 

experimental 

fuel 

gaseous 

specie or substance 
jump value 
initial , input 
sol id 

on the surface 
oxidizer 
steady state 

partial derivative taken with respect to 


Superscripts 

1 = a dimensional, real, quantity 

* = ignition, when some specified criterion satisfied 

A = stretched coordinate 


Introduction 

Solid propellants are complicated systems in any aspect 
of combustion that may be of interest, as a casual thumbing 
through the contents of this volume easily reveals. Quite 
naturally, there is a tendency for the investigator of some 
aspect of solid-propellant combustion to simplify the charac- 
terization of the process or the propellant in some manner 
that retains the essential characteristics of interest and 
homogenizes the rest. The applicability of the results of 
this selective characterization depends to a large extent on 
the ability of the model er--whether experimentalist or theo- 
retician--to make the appropriate selection of essential char- 
acteristics. Solid-propellant ignition theories and exper- 
iments are rife with such selection processes. This paper 
attempts a cohesive description and evaluation of the selec- 
tions made by various investigators. 

Ignition of solid propellants is the process occurring 
between the initial application of some energetic stimulus to 
a quiescent chunk of propellant and the full-scale combustion 
of the propellant. The term "ignition" is used commonly in 
two ways: 1) the process of achieving full-scale combustion, 
and 2) the point in time at which sufficiently full-scale com- 
bustion is deemed to occur. Ignition of the propellant is 
thus a transient process with a definite point of initiation 
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but an endpoint that depends completely upon the definition of 
that endpoint. Intrinsic to ignition is an energetic stimulus 
that may be chemical, thermal, or even photochemical. But 
whatever the form of the stimulus, transient thermal processes 
involving net exothermic chemical reactions, together with 
transient diffusional and chemical changes in reactant concen- 
tration, are inherent in the ignition process and are neces- 
sary for ignition to be achieved. The total ignition process 
of propellants therefore involves a transition from a nonreac- 
tive to reactive state via some thermochemical "runaway" (on a 
time scale), followed by an essentially equally rapid transi- 
tion to full-scale combustion. Virtually all studies of solid- 
propellant ignition are concerned with the time required for 
the thermal "runaway" to occur and the mechanism (or sequence 
of them) responsible. 

Interpretive difficulties are possible, therefore, 
•betweenjvhat "ignition" means among practical systems and 
most of the theoretical models and experiments to be descri- 
bed. These difficulties are recognized, but whether they are 
resolved in the various theories and experiments in a manner 
satisfactory to practical situations frequently depends on the 
intent of the investigator and the degree of involvement with 
practical engineering. In the practical sense, ignition means 
that full-scale combustion was achieved and the time required 
as a function of igniter type is of interest and is determined 
experimentally in the practical configuration. Usually the 
ignition stimulus is not very uniform or known precisely from 
point to point. If the results are not satisfactory, changes 
are attempted on the basis of what is known or imagined about 
the solid-propellant ignition process. It is here that theor- 
ies and experiments on the ignition of solid propellants under 
as controlled conditions as possible are supposed to help. 

The theories attempt definition of the correct (control- 
ling) set of physicochemical processes responsible for thermal 
runaway under some defined stimulus, calculation of the time 
required for runaway to occur, and dependence of this time up- 
on macroscopic system parameters such as pressure, gas velo- 
city, temperature, etc. Thermal runaway is usually defined in 
terms of some temporal temperature behavior. The experiments, 
on the other hand, usually determine some aspect of "did igni- 
tion--implying complete burn-out of the sampl e--occur or not" 
(i.e., some sort of "go/no- go" criterion) under controlled 
conditions of macroscopic parameters such as propellant com- 
position, pressure, heat flux, flow velocity, flow tempera- 
ture, and environmental chemical and physical composition. 

The experiment may also simultaneously measure some observable 
aspect of the development of thermal runaway. Due to time 
scale requirements and (often) small sample sizes, it is 
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usually optical aspects that are observed by recording a light 
emission vs time history via photocells and/or high-speed 
cinephotography. Ignition is often said to have occurred when 
some optically gathered information is of sufficient magnitude 
as interpreted by the experimenter, a logical enough procedure 
in most cases. But there is no unambiguous link between tem- 
poral light generation, temporal temperature behavior, and the 
actual state of combustion! Therefore interpretations are 
required in both experiment and theory. The situation may be 
less ambiguous when surfaces are examined for i.r. emission 
during an experiment. Although such an experiment may be 
"contaminated" by i.r. emission from gases within the optical 
path, a close link between temporal i.r. emission and temporal 
surface temperature behavior is possible, although the actual 
measured temperature value may be in error due to uncertain- 
ties in surface emissivity. Further possible interpretati ve 
difficulties are generated between the scientific theory/ex- 
perirnent package and the practical case because the practical 
case may depend upon phenomena not considered in the theory/ 
experiment. Possibilities are propellant cracks or roughness, 
local regions of high igniter gas shear flow, igniter genera- 
ted particles, and the combination of "spotty" ignition sites 
and their joining by flame-spreading processes. 

In view of the complexity of the propellant and the 
interpretive problems mentioned above, a rather remarkable 
amount of understanding has been developed concerning solid- 
propellant ignition at the present time. This is due to a 
number of detailed, ingenious experiments and measurements, 
some careful theoretical modeling covering a wide variety of 
thermal runaway sites and mechanisms, computers, and some 
inspired mathematical analysis. 

Historically, openly published theories of solid-propel- 
lant ignition appear to start in 1950 with Frazier and Hicks. 1 
Altman and Grant 2 reported in 1953 on composite-propellant 
samples ignited by a hot wire through the sample and a corre- 
lation based on an ignition temperature assuming the propel- 
lant acted like heated inert material. B.L. Hicks 3 reported 
in 1954 on numerical solutions where the propellant was 
treated as a homogeneous reactive solid subjected to surface 
heating. Double-base propellants were thus viewed as igniting 
due to solid-phase exothermic reactions. Composite propel- 
lants, constructed from ammonium perchlorate oxidizer crystals 
imbedded in a matrix of a rubber or other polymer, seemed 
unlikely candidates for an ignition concept entirely based on 
exothermic condensed-phase reactions. Thus, investigations were 
directed toward models supporting a pressure sensitivity and 
exothermic gas-phase reactions. 
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By 1960, McAlevy, Cowan, and Summerfiel d 4 reported on 
ignition experiments involving composite propellants igniting 
after exposure to stagnant reflected shock conditions in a 
shock tube, and presented the seminal ignition model of pro- 
pellants governed by gas-phase processes. Shortly afterward 
similar experimental results were reported by McAlevy and 
Summerfield 5 for double-base propellants. Thereafter, a 
sequence of studies at Princeton University was reported 6 * 7 
that described a numerical solution of equations describing a 
"gas-phase" ignition model of a solid fuel which decomposed 
upon sudden contact with a hot stagnant atmosphere containing 
an oxidizer. The solid fuel represented the fuel binder used 
in composite propellants; the fuel and oxidizer vapors were mix- 
ed by counter-diffusion with simultaneous second-order chemical 
reaction occurring. Eventually there was sufficient exother- 
mic reaction to produce a marked local maximum temperature in 
the gas phase and ignition was defined in terms of the maximum 
temperature reaching a specified value. The model suffered 
notable deficiencies. Only a fuel was treated, not a propel- 
lant, and the solid/gas interface was assumed to have a 
constant temperature. 

During the period 1962 to 1964 a third body of theory and 
experiments was developed at the United Technology Center and 
reported, evolving from studies in which the ignition 
stimulus was provided by a chemical attack/exothermic reaction 
on the propellant surface by powerful oxidizing gases such as 
fluorine. This "hypergolic" model took the usual one-dimen- 
sional form of the "solid-phase" and "gas-phase" theories and 
considered transient gas-phase diffusion of chemical reactants 
and products with simultaneous heat conduction in the gas and 
solid phases. Exothermic chemical reaction was present only 
at the solid/gas interface. No externally added heat flux was 
considered, or at least presented in any detail. 

Both the "gas-phase" and "hypergolic" theories demon- 
strated a decreased ignition delay with increased oxidizer 
concentration in the gas phase, and strong effects of pressure 
(t* 1 » p-l»7 typically). At that time the hypergolic model 
predicted oxidizer mole fraction effects at constant pressure 
more closely resembling experimental data (t* 1 exp % 

(Vox) -2,2 typically), providing a first-order surface 
reaction was assumed in the theory, than did the gas-phase 
theory, but there was considerable debate whether gaseous 
oxygen could react with polymeric-type solid fuels in a 
hypergolic surface reaction and have such fuels still behave 
as they do under ambient Earth environments. In addition, 
neither theory explained the ignition of composite propellants 
in chemically inert atmospheres. Thus, both theories remained 
alive and kicking despite their deficiencies, and quite natur- 
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ally, a "heterogeneous" theory arose from the hypergolic theo- 
ry 4 * 11 on a heuristic basis. In this theory it was argued 
that under inert atmosphere conditions the heating of the 
ammonium perchlorate oxidizer caused it to decompose, produc- 
ing anhydrous perchloric acid which then attacked the surroun- 
ding fuel in a hypergolic manner. No detailed analytical 
representation of this theory was presented, however. 

Further experiments in solid-propellant ignition proceed- 
ed apace while theorists argued. Experimental studies on 
ignition by convective fl uxes 13_ 15 were reported, indicating 
heat flux and pressure effects on the ignition delay of both 
composite and double-base propellants. Experimental studies 
using radiant energy were also reported 16-18 showing similar 
effects. 

An outstanding discussion of the state-of-the-art in 
solid-propellant ignition theories as of 1965/6 and their 
relationship to each other and to experiments was given by 
Price et al . in Ref. 19. Price and his colleagues examined 
each theory in detail, pointing out strengths, weaknesses, and 
properties, and presented an extensive compilation of work done 
on the solid-phase ignition theory for a solid propellant 
treated as a homogeneous reactive solid. Further background 
in thermal ignition theory in general can be found in the 
review by Merzhanov and Averson 20 which contains comprehensive 
compilation and discussion of work done in thermal ignition 
analysis, utilizing numerical and classical methods of analy- 
sis based on the pioneering work of Frank-Kamenetski i . 21 

Our present goal is to review the experimental and theo- 
retical work done in solid-propellant ignition since circa 
1966, a formidable task in view of the excellence and complex- 
ity of the work done, and the standards set by the reviews of 
Price et al . and Merzhanov and Averson. The work after that 
discussed by Price et al . shall be termed "recent" for the 
purposes of this paper. 

It is worthwhile to summarize several comments by Price 
et al . regarding theoretical and experimental work in solid- 
propellant ignition required in their future, and to keep them 
in mind as we review the work of the last fifteen years. 

There were pleas for:!) development of the gas-phase theory 
to include the case when all gas-phase reactants originate 
from the decomposition of a single ingredient and determine 
the effect of external gas-phase pressure and composition on 
the ignition delay, and of ignition stimulated by an exter- 
nally applied heat flux, i.e., a radiant heat input; 2) gen- 
eral development of all theories using consistent representa- 
tions of initiating stimuli and the development of experiments 
consistent with these stimuli and the models; 3) development 
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of all theories with the same external environmental tempera- 
ture, pressure, and heating mode--particularly an imposed, 
controlled, constant heating mode as approximated by arc-image 
experiments of the time; 4) theoretical treatment, model-by- 
model, for the case when the external heating is of some dur- 
tion less than the observed ignition delay; and 5) the devel- 
opment and use in all cases of consistent ignition criteria, 
preferably one bearing some clear relationship to experimen- 
tally determinable events or characteri sti cs. Price et al . 
succinctly gave the reason for these pleas: "so that a combi- 
nation of theory and matching laboratory experiments will, in 
the future, permit identification of the controlling steps in 
ignition of real propellants; show how these steps change as a 
function of propellant, environment, and ignition stimulus; 
and how these changes should be allowed for in ignition system 
design. " 

Radiant Energy Ignition Sources 

By far the greatest amount of recent work in solid- 
propellant ignition both in quantity and in internal detail 
has used radiant energy as the stimulus for ignition. The 
basic reason is the ability to select the heat flux applied to 
the propellant independently of all other environmental para- 
meters: namely pressure, initial temperature, and chemical 
composition of the gas phase surrounding the propellant sur- 
face being heated. In view of the cacaphony generated by pro- 
ponents of various ignition theories, this property of radiant 
ignition experiments gave promise of allowing the experimenta- 
lists to conduct the diagnostic experiments that were greatly 
needed. To a reasonable degree the promise has been realized. 

Consider for a moment the other alternatives for heating. 
In the shock reflection, stagnant heating case, 4-7 the jump 
temperature of the solid/gas interface is pressure dependent 
and the test pressure and gas temperature are not indepen- 
dently variable. Thus, the conductive heat input cannot be 
selected independently of other gas-phase parameters. If a 

shock tunnel 13-13 is used instead, aerodynamic factors immedi- 
ately arise in addition to those problems just mentioned. 

These introduce problems in test sample geometry to insure 
"nice" laminar (or turbulent) flow, remove the boon of one-di- 
mensionality for any modeling that may be done, and cause the 
heat flux to be non uni form in the flow direction. These are 
formidable problems. If one goes to more practically aligned 
or "igniter" types of stimuli, control of gas composition is 
lost in addition to the problems induced by flow, and other 
effects such as hot particles and time unsteadiness may arise. 
And finally, other configurations, such as hot plates and 
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muffle furnaces, remove the possibility of the desired rapid 
(small) ignition time scale required for any pretense of the 
research having anything to do with practical rocket ignition 
systems. 

By removing most of the above problems, the radiant ener- 
gy input experiment is attractive even though new problems are 
introduced and have to be dealt with. The two major ones, 
making radiant stimuli greatly different from most practical 
ignition situations are: 1) the absence of a hot gas adjacent 
to the igniting propellant surfaces; and 2) the general intro- 
duction of interior, as well as surface, heating of the pro- 
pellant sample due to the nonopaque nature of the majority of 
solid propellants. A third problem, of a possibly more minor 
character, is the relative slowness of the rate of surface 
temperature rise compared to practical and shock tube ignition 
stimul i . 

There was early recognition and evaluation of the pro- 
blems associated with radiant ignition studies, see Ohlemiller 
and Summerfield. 25 Furnace 16 and arc-image experiments 17 on 
composite propellant ignition were already published and this 
method became well established indeed. The desired diagnostic 
experiments began to flow increasingly. 

Rosser, Fishman, and Wise 26 ignited pressed pellets of 
ammonium perchlorate (AP), with and without catalysts, and 
polyethylene pellets, over a range of pressures and heat flux 
in N 2 and He atmospheres. Results were reported in terms of 

required exposure time (a go/no-go criteria) as a function of 

pressure, or peak calculated (inert heating + ) surface 
temperature vs flux, parametrically with atmosphere 
composition in both cases. In subsidiary experiments, the 
authors investigated the possibility of extensive solid-phase 
decomposition of the AP prior to their observed ignition, 
using subsurface thermocouples. From these data, kinetic 
arguments, and their main test results regarding the effect of 
the external atmosphere compositions, it was concluded that 
catastrophic solid-phase decompositon does not precede their 
observed ignition, which was dominated by gas-phase processes. 

In a subsequent study, Fishman 29 studied a model 
AP/PBAN/carbon black propellant in an N 2 atmosphere with an 
arc-image furnace using go/no-go methods. He observed that up 


+"Inert heating" means the heating of a nonreactive solid by 
the applied flux with or without in-depth absorption of energy ac- 
counted for, assuming a constant energy input and heat conduction 
in the solid. For this model, surface temperatures can be calcu- 
lated as a function of time (see Ref. 27 for the case without in- 
depth absorption, and Ref. 28 including absorption in-depth). 
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Fig: 1 Radiant ignition characterise c for PBAN-264 AP composite propel- 
lant: Exposure time required for ignition vs flux (from Ref. 29, Fig. 1). 
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Fig 2a Trace form thermocouple touching propellant surface exposed 
to radiant flux: Pressure independent regime of inert surface 
temperature (from Ref. 29, Fig. 2). 
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Fig. 2b Same as Fig. 2a except pressure- 
dependent regime of surface temperature 
(from Ref. 29. Fig. 3) . 
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to a critical flux level and pressures above some atmospheres 
absolute, t* 1 » 1/q 2 in accordance with inert heating to a 
constant ignition temperature. No surface exotherms were 
found in this case. But at flux levels greater than the crit- 
ical level he found that: 1) ln(t*') vs 1 n (q ) plots had slopes 
more positive than (-2); 2) a pressure dependence of t* 1 was 
found; and 3) that preignition (near surface) exotherms were 
found from embedded thermocouple traces, see Figs. 1 and 2. 

He concluded that (near) surface exotherms in the solid phase 
may be an important part of the ignition process of composite 
propellants, but that the "why and when" they are important is 
not yet determinable and deserves research. 

Subsequently, Pantoflicek and Lebr 30 argued that the 
effects observed by Fishman 29 are explainable, assuming that a 
critical energy that must be supplied for ignition is a con- 
stant equal to (q c t c *') = Q c where t c * is the igni- 
tion delay at the critical flux q c . If q > q c then t*' = 

Q c /q to give a slope of (-1) on a Int*' plot, as observed by 
Fishman. Since the steady burning rate of a propellant in- 
creases with pressure, the temperature gradient at the surface 
also increases, causing the value of q c to increase. There- 
fore, the shift in slope of ln(t*‘) vs ln(q)plots from («-2) 
to («-l) occurs at larger q c values as the pressure is 
increased, see lines (a) and (b) of Fig. 3, respectively. 

This argument is reasonable provided a critical ignition 
energy, Q c , exists; unfortunately there is no inarguable 
evidence that it does. 

In 1970 Shannon 31 reported an extensive set of arc-image 
ignition results for different AP composite propellants using 
polybutadiene-acryl ic acid--acrilonitril (PBAN), polyurethane 
(PU), carboxy-terminated-polybutadiene (CTPB), or polyisobuty- 
lene (PIB) as binders, and a nitrate-ester plasticized poly- 
ester (PEP) propellant. Ignition data were obtained on a go/no- 
go basis for a pressure range of 0.1-4 atm (10-400 kPa) gener- 
ally, and heat fluxes of 10-100 cal/cm 2 s (0.42-4.2 MJ/m 2 s). 
Potassium perchlorate (KP), hydroxyl amine perchlorate (HAP), 



Fig. 3 Predicted igniton delay vs flux 
at different pressure levels, b-, for 
b 3 > b 2 > bi (from Ref. 30, Fig. 3). 
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and hydrozine diperchlorate (HDP) oxidizers were also used in 
some diagnostic tests. Finally, in rather nice experiments, 
tests were made on CTPB/AP propellants in which 1) the AP was 
coated with 1.5% by weight Kel-F, unchanged binder, and 2 ) 
1.5% Kel-F added to binder alone. The tests showed large 
effects of flux level at fixed pressures greater than the 
minimum ignition pressure, see Fig. 4, together with rather 
modest AP particle size effects at any flux or pressure level 
used. Large effects of pressure on t* 1 at fixed flux levels 
greater than some value like 40 cal/cm 2 s) (1.7 MJ/m 2 s), see 
Fig. 5, and large effects of fuel binder on minimum ignition 
pressure, see Fig. 6 were reported. Of particular interest 
are the effects of the Kel-F addition to the propellant, see 



PRESSURE, atm 


Fig. 4 Measured effect of particle size on radiant ignition delay 
as a function of pressure at two input flux levels for PBAN/AP 
composite propellant (from Ref. 31, Fig. 6). 
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Fig. 5 Measured effect of f}ux at 
different pressure levels on 
radiant ignition delay for PBAN/AP 
composite propellant (from Ref. 31, 
Fig. 2). 
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Fig. 7. In a thorough and tightly reasoned discussion Shannon 
related his observations to the current solid-phase, hetero- 
geneous/hypergolic, and gas-phase theories. 

A bold summary of his discussion is possible. Observe 
via Fig. 4 that an increase of about 25X of the binder/ oxi- 
dizer interface area per unit volume of propellant occurred in 
changing from 190 ym particles to 7 ym AP particles, and that 
the effect of this change was rather small at low pressures 
and fluxes, and smaller yet at high fluxes and maximum tested 
pressures. If interfacial oxidation were an important factor 
in heat generation in any solid phase exothermicity, then a 
significant particle size effect should have been seen at 
short heat-up times (large flux) and highest sample compres- 
sion (highest pressure), and it was not. Then observe from 
Fig. 7 that the presence of Kel-F had the same effect whether 
in the binder or between the oxidizer/binder interface. 
Therefore interfacial heterogeneous/hypergol ic binder oxidizer 
reactions are not an important factor in composite propellant 
ignition; however condensed-phase, particle diameter indepen- 
dent, exothermic reactions may still be important as would be 
thought on the basis of their importance in steady-state burn- 
ing theories. From Fig. 7 it may be observed that binder mat- 
erial is important in ignition if P < 0.75 atm but not at 
greater pressures. If differences in binder susceptibility to 
oxidative reaction by heterogeneous reactions were important, 
any subsequent heat release should still be important in the 



PRESSURE, atm 

Fig. 6 Measured effect of binder changes on ignition delay of AP 
composite propellants as a function of pressure at constant 
flux, 58 cal/cm s and 2.43 MJ/ni s (from Ref. 31, Fig. 8). 
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PRESSURE (otm) 

Fig. 7 Measured effect of incorporating Kel-F in binder, or as a 
coating around oxidizer crystals, on radiant ignitjon delay as a 
function of pressure at constant flux of 2.09 MJ/m s (50 cal/cni s) 
(from Ref. 31 , Fig. 7) . 


0.75 < P < 3 atm pressure range. But negligible relative 
differences in t*‘ were found in this range. Finally, consi- 
der the obvious differences in minimum ignition pressure with 
binder material at constant heating and oxidizer properties, 
combined with the Kel-F effects. These results imply gas- 
phase compositional and pyrolysis differences more than they 
do solid-phase reaction (pressure independent) or surface 
(heterogeneous/hypergol ic) reaction differences, since 
presumably reaction order and pre-exponential are independent 
of pressure. Thus Shannon concluded that gas-phase reaction 
establishment is an important process in composite propellant 
ignition by radiant energy, possibly together with solid-phase 
reactions. 

In order to develop a complete understanding of radiant 
energy ignition of solid propellants, and to develop further 
information regarding the ignition process, Summerfield and 
his associates 32-38 undertook extensive studies of ignition of 
composite propellants and their components, and double-base (DB) 
propellants, exposed to a radiant heat flux. The majority of 
results are discussed in Ref. 33, which deals with ignition 
delay of fuels as a function of total pressure and oxygen par- 
tial pressure at constant flux, see Fig. 8, and as a function 
of flux level at several constant pressures and 100% 0 2 , see 
Fig. 9. At fixed total pressure, the termination of ignition 
as oxygen partial pressure decreased is characteristic. It 
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OXYGEN PARTIAL PRESSURE ( atm) 

Fig. 8 Measured effect of oxygen partial pressure, at different 
total pressure levels, on radiant ignition delay of cured epoxy fuel_ 
binder at constant flux of 3.85 MJ/m 2 s (92 cal/cm 2 s) ( from Ref. 33, Fig.l) 



10 20 40 60 80 100 

INCIDENT FLUX ( cal/cm 2 s) 

Fig. 9 Measured radiant ignition delay as a function of input flux 
at several pressure levels for cured epoxy fuel binder in 100% 0 2 
environment (from Ref. 33, Fig. 2). 
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was ascribed to insufficient oxygen diffusion into the incip- 
ient reaction zone, with the shift to lower oxygen partial 
pressures as the total pressure was decreased being due to an 
increased diffusion coefficient. In each case, as the limit 
is reached, reactive consumption of oxygen finally exceeds the 
rate at which diffusion can supply oxygen to maintain the 
reaction. This situation is made even more detrimental to 
ignition because of the thickening of the preflame reaction 
zone, and its movement away from the propellant surface, which 
increases the rate of heat loss to the gas phase. The tend- 
ency of the ignition delay toward independence of oxygen part- 
ial pressure as the latter becomes the dominant gas-phase com- 
ponent is essentially the converse situation. In this instance 
there is ample oxygen for all previsible-flame reactions (no 
photocell output), reaction develops close to the fuel surface 
(feeding back energy for further vaporization) and any tenden- 
cy to consume the oxygen is easily countered by diffusion. 

The absolute pressure level effect at large oxygen mole frac- 
tions is small but noticeable, and seems to be explainable in 
terms of tendency of high oxygen partial pressures to increase 
fuel binder decomposition rates as observed by Pearson 39 and 
as reported in a particularly detailed studies of radiative 
polymer kinetic degradation studies reported by Bouck et al. 40 
and Ryan. 41 

Pearson 39 observed moderately high-temperature oxygen 
could ignite polymeric fuels in a 1 atm experiment 
where 100% 0 2 was passed over pulverized fuel samples, if a 
burning rate antalyst was added in an admixture, and that 90% 
HC10 4 vapor ignited the samples more readily, without any 
catalyst added. In a particularly detailed set of experiments 
Bouck et al . 40 and Ryan 41 investigated the radiant decompos- 
ition products of thin polymeric films and films with an 
admixture of fine AP up to 30% by weight in the presence of 
various inert gases and oxygen. Ryan reports (Ref. 41, pp. 
171-172) that with PBAA fuels an endotherm exists prior to the 
start of vigorous gasification, that both processes are pres- 
sure dependent, and that the presence of oxygen influences the 
decomposition process. The latter effect is more fully 
described in the body of the report. At the same time, Ryan 
found that with propellant levels of AP in the films, no 
oxygen affect was observed. But, these tests were at low 
total pressure (0.85 atm). In Ref. 40 it is indicated that 
the presence of oxygen can lower the bulk and preignition exo- 
therms as much as 200 K below the ignition temperature, while 
producing negligible mass loss, in a number of polymers. 

Clearly there is a probable link between these findings and 
Ohlemi Tier's results shown in Fig. 8 from Ref. 33. 
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Figure 9 indicates the effect of flux level at constant 
pressure of 100% 0 2 on the radiant ignition of epoxy polymer 
for the pure epoxy and for epoxy plus 1% C-black at the high- 
est pressure of 300 psig (2.17 MPa). The basic slopes of the 
hi gh-pressure (P>0. 45 MPa) data tend to look like a dominance 
of "inert" heat-up time but have a lesser slope than would be 
the case if that were completely true. Possibly this indi- 
cates the shading effect of gas-phase diffusion/reaction de- 
velopment, but it also can be due to solid-phase reactions as 
will be seen later. At the highest pressure, the pure fuel 
and the blackened fuel have virtually the same ignition char- 
acteristics, indicating that in-depth absorption was indeed as 
small an effect as the measured extinction coefficient of 340 
cm - l would indicate. Of much more interest was the observa- 
tion 33 that the high-pressure data on ignition delay corres- 
ponded to the first observation of gasification during igni- 
tion tests at the same flux level but lower pressures. 

The observation of real, measurable delays between first 
gasification and achievement of self-sustaining ignition was 
valuable and exciting, and its further investigation was pur- 
sued strongly by Summerfield and his associates in a series of 
papers. Refs. 34-38. Schematical ly their results are illus- 
trated in Fig. 10 which is self-explanatory on knowing that 
Ll a through L]^ are criteria describing the time of vari- 
ous physical events, as shown in the figure. Reference 35 
presents film strip prints of the gasification to visible 
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(from Ref. 37, Fig. 2) . 
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flame process, continuing through to a dynamic extinction 
limit. Very detailed sets of experiments are described in 
Refs. 35-38, with Refs. 37 and 38 probably the best for over- 
all summaries and discussion, of which we can only hit the 
high points herein. Figure 11 illustrates that 1) composite 
propellants are immune from the L-j a - l_ ld delay; 2) the 

10.6 ym C0 2 laser radiation is absorbed in the same way by the 

composite propellants which were AP/hydrocarbon binder (no 
binder composition referenced) with propellant 1 = 75% AP, 0% 
C; 2 = 75% AP, 1% C; 3 = 80% AP, bimodal ; 4 = 24% AP, 51% B 
(metallized); 3) 1% C'does 'not opacity make' for arc rad- 
iation; and 4) even 51% B did not make the propellant have an 
infinite extinction coefficient, though almost. Figure 12a, 
for a catalyzed DB propellant illustrates the Li a - Lid 
difference clearly. The Li a limit is always the basic, 
lower most line for each propellant and also indicates that 
the actual data on pressure sensitivity is dependent upon the 



Fig. 11 Radiant ignition of composite propellants demonstrating 
independence of pressure. Propellants 1-4 are, respectively: 

1) 75%/45 ymAP, 0%C; 2) No. 1 plus 1%C; 3) 80%, 30% 15 ym, 70% 

180 ym, 0%C; 4) metallized, 24%AP, 51 %B. Shows dependence on source 
and extinction coefficient (from Ref. 33, Fig. 5 and Table 1 of 
Ref. 37). 
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nature of DB propellants. The degree to which gas-phase 
reactions can be coupled to solid phase/surface events is seen 
in Fig. 12b for HMX composites. Other data found in 
Ref. 38 indicated that in composite propellants, the close 
coupling of the gas-phase AP decomposition processes performed 
the same function as did air in the DB ignition tests, remov- 
ing the L^g-L^ spread. 

Summarizing, it is clear that composite and DB propel- 
lants can be ignited by radiant energy fluxes over a wide 
range of flux levels and pressures, and environmental atmos- 
pheric composition. Environmental gaseous composition has a 
small effect on the magnitude of the ignition delay for both 
propellant types but in DB propellants a gaseous oxidizer 
accelerates the second stage (gas- phase development) of a two- 
stage ignition process. 38 The experimental results in total 
indicate a coupling exists between solid-phase exothermic 
decomposition in a very narrow region of the solid adjacent to 
the surface and the development of the final -stage gas-phase 
reaction. The size of the first-stage, solid-phase reaction 
zone is governed by the transmissivity of the solid phase and 
therefore the presence and importance of this stage may be 
magnified by ignition with radiant energy sources. The pres- 
ence of burning rate catalysts are found to accelerate both 
fuel and oxidizer decomposition and thus to speed up ignition, 
but the mechanism of their interaction still seems obscure in 



INCIDENT RAO I ANT FLUX INTENSITY, l 0 ,(Cal/cm ? - S> 

Fig. 12a Radiant ignition delay vs flux as a function of pressure 
level, showing that ignition processes depend on details of pro- 
pellant chemistry (from Ref. 38, Fig. lb). 
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Chapter 6 


Flame Spreading and Overall Ignition Transient 


Mridul Kumar* and Kenneth K. Kuof 
The Pennsylvania State University , 
University Park , Pennsylvania 


Abstract 

A review of the literature on the overall ignition 
transient in rocket motors and flame spreading over solid 
propellants and in propellant cracks or flaws is presented 
to establish the state-of-the-art. Even though previous 
studies have been helpful in interpreting many fundamental 
processes, at the present time, the understanding of flame 
spreading and ignition transient is still incomplete. For 
the ignition transient, both lumped parameter [ p ( t ) ] and 
one dimensional [p(x,t)] models exit. The former should be 
limited to trend analysis only and must not be used for 
design calculations for rocket motors with high volumetric 
loading density. Transient one-dimensional flame-spreading 
models seem to do a reasonable job of predicting flame- 
spreading rates over solid propellants and in propellant 
cracks where convective heating dominates, and for 
propellants whose flame standoff distances are small. Most 
of the models employ the simple "critical surface 
temperature" ignition criterion, even though now it is 
generally agreed that ignition takes place in the gas 
phase. This simple criterion may not work for rapid 
ignition and flame spreading over nitramine propellants. 
Future models should consider detailed gas-phase reactions 
and multidimensionality of the flowfield and solid 
propellant grain configurations. More fundamental studies 
are needed to explain the appearance of secondary/tertiary 
ignition (downstream of the flame front) during the flame- 
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spreading process. Measurements of the empirical constants 
(such as convective heat-transfer coefficient, friction 
coefficient, etc.) under transient rocket-motor-like 
conditions are needed for more precise predictions. Also, 
accurate physical and chemical parameters associated with 
propellants and gas-phase reactions are desirable. 

Nomenclature 


A 


E 

h 

h 

h" 


cp 


cw 


k 

K 

L 

L* 

m. 


M 


ig 


w 


n 


P 

Pr 

«1 

R 

Re 

r. 


L af 


pi 

r ps 


= cross-sectional area of crack or port 
= motor nozzle throat area 

= pre-exponential factor in the nonerosive- 
burning-rate law r^ = aP n 
= body force 
= covolume 
= speed of sound 
= friction coefficient = 2T w /pu 
= specific heat at constant pressure 
= hydraulic diameter of crack 
= total stored energy (internal and kinetic) 
= relaxation modulus 

■ local convective heat-transfer coefficient 
= local convective heat-transfer coefficient 

over propellant surface 
= local convective heat-transfer coefficient 
over non-propellant port wall 
- erosive burning constant 

* bulk modulus 

■ length of crack 

= characteristic length 
= igniter mass flow rate 

* molecular weight 

= pressure exponent in nonerosive-burning- 
rate law 

= pressure or perimeter 

* Prandtl number 

■ rate of heat transfer 

*= specific gas constant for combustion gases 
= Reynolds number 

* burning rate of solid propellant, 
including erosive-burning contribution 

* temperature (without subscript, static gas 
temperature) 

= average film gas temperature * (T + T ps )/2 
® adiabatic flame temperature of solid 
propellant 

= initial propellant temperature 
** propellant surface temperature 
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t 

u 

V 

v 

W 

x 

X,; 


gf 


y 

a 

3 

Y 

6 

£ 

£ S 

A 

a 

y 

p 


XX 


* nonpropellant wall surface temperature 

* time 

* gas velocity 

* volume 

* velocity of propellant gas at burning 
surface 

* molecular weight of the combustion gases 

* axial coordinate 

* position at the entrance to the motor 
nozzle 

* position at the end of crack 

= position at the entrance to the propellant 
section (propellant slab edge) 

=* distance from the point of impingement of 
the igniter jet 

= transverse coordinate, measured from 
propellant surface into solid 
= thermal diffusivity 

* erosive-burning exponent 
= ratio of specific heats 

* gap width of crack 

* strain tensor 

= surface roughness 
= thermal conductivity 
= stress tensor 

* gas viscosity 

* density (without subscript, gas density) 

** burning perimeter 

= wetted perimeter of the port 

= shear stress on port wall 
= normal viscous stress 

= angle measured, in a counterclockwise 
direction, at lower side of propellant 


Subscripts 


c 

= 

chamber conditions 

E 

= 

entrance to motor 



aft end) 

ef f 

= 

effective 

es 

= 

entrance section 

g 

= 

gas 

i 

= 

initial value 

ign 

= 

ignition condition 

n 

= 

nozzle 

pr 

= 

propellant 

ps 

= 

propellant surface 

t 

= 

nozzle throat 


(motor chamber 
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I. Introduction 

In the recent past, there has been a continued trend 
toward the use of larger and more sophisticated solid 
propellant rocket motors. These motors require greater 
accuracy in the prediction and control of the thrust and 
ignition transients (i.e., more precise prediction of the 
pressure-time history of the motor). This is also because a 
detailed knowledge of thrust during the ignition transient 
may be required for critical guidance and control, 
especially during the initial phase of motor operation. In 
addition, since the solid propellant grain and many of the 
motor components are viscoelastic in nature, both the 
chamber pressure and the rate of pressurization are of 
prime concern to rocket motor designers. 

The ignition transient is usually defined as the time 
interval between the application of the ignition signal and 
the instant at which the rocket motor attains its 
equilibrium or designed operating conditions. The ignition 
transient can be generally considered to consist of three 
intervals: 1) the induction period for first local 

ignition, 2) the period for flame spreading over the 
exposed surface of the propellant grain, and 3) the 
chamber-filling period. The first ignition and flame- 
spreading periods are preceded by the heating of the 
propellant grain by igniter products. 

Both the ignition delay (which is defined either as 
the induction period for local ignition or, more commonly, 
as the time interval between the application of the 
ignition signal and the attainment of 10% or 50% of the 
maximum or steady-state chamber pressure) and the flame- 
spreading rates depend very strongly upon the heat-transfer 
process, the grain configuration, the chamber conditions, 
and the physicochemical properties of the propellant. A 
detailed understanding of ignition and flame-spreading 
mechanism is essential for accurate prediction of the 
ignition transient and, consequently, for the design and 
development of solid rocket motors. Processes that 
influence the ignition delay, and detailed mechanisms of 
ignition are reviewed by Hermance in another chapter of 
this volume entitled "Solid Propellant Ignition Theories 
and Experiments." 

The flame-spreading process, perhaps, most 
significantly influences the initial portion of the thrust 
or pressure transient. Since the flame-spreading rate 
determines the instantaneous ignited fraction of the total 
surface area available for combustion, the gas generation 
rate or chamber pressure are strongly dependent upon it. 
Understanding the flame-spreading process is also important 
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for deflagrat ion-to-detonation transition (DDT) studies in 
solid propellants, because convective flame propagation 
into cracks and flaws is believed to be a precondition for 
subsequent transition to detonation. 

In the past, numerous experimental and theoretical 
studies have been conducted on flame spreading, ignition 
transient, and associated processes. This research can be 
subdivided into the following major subgroups: 

1) research into the nature of ignition transient as a 
whole, 2) fundamental studies on the mechanism of flame 
spreading over solid propellants, and 3) flame spreading 
in propellant cracks. Accordingly, these topics are 
treated separately in the following subsections. In 
addition to the above-mentioned subject areas, a 
considerable amount of research has also been conducted on 
igniter and ignition systems, and on other fundamental 
processes related to the ignition transient and flame 
spreading, such as heat transfer, chemical reactions, 
erosive burning, etc. Even though many of the purely 
experimental studies have assisted in providing 
considerable physical insight into this complex problem, 
the major thrust of the research has been toward 
development of predictive models in order to reduce the 
cost associated with experimental trial and error design 
technique. Moreover, because of the radical differences in 
size and the design of new rocket motors, extrapolation 
from previous empirical data is unreliable. Experimental 
investigations, however, are necessary to establish the 
data base for model validations, etc. 

II. Ignition and Thrust Transients in Solid Propellant 

Rocket Motors 

A. Ignition Devices or Igniters 

This section presents a very brief discussion of 
ignition devices or igniters. A typical solid propellant 
rocket motor with a head-end igniter is shown in Fig. 1. 
Because igniters provide the external stimulus needed to 
ignite solid propellant rocket motors, the overall ignition 
transient is strongly influenced by the composition, 
location, and mass flow rate of the igniter. Igniters are 

generally categorized as 1) pyrotechnic igniters, 

2) pyrogen igniters, and 3) hypergolic igniters 

Pyrotechnic and pyrogen igniters are made of solid 
propellant or materials with propellant-like chemical 
formulations,^- and are also referred to as solid propellant 
igniters. ^ All solid propellant igniters not categorized 
as pyrogen igniters are considered to be pyrotechnic 
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Grain port area Thrust termination Grain release 



Fig. 1 Typical solid propellant rocket motor with head-end 
igniter (adopted from Ref. 1, Fig. 10-1). 



Fig. 2 Simplified typical pyrotechnic igniter (adopted from Ref. 

1, Fig. 12-3). 

igniters. Pyrotechnic igniters include some easily 
ignitable high-energy charge in the shape of pellets. This 
charge is generally made up of black powder or boron and 
potassium nitrate, and a binder. Hot wire or electric 
squib is often used as the initiator for the ignition of 
the pellets. The product of a burning pyrotechnic igniter 
is hot gases and, frequently, hot particles which ignite 
the propellant grain in the motor by conduction, 
convection, and radiation heat transfer. A typical 
pyrotechnic igniter is shown in Fig. 2. The pyrotechnic 
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igniter may be placed at the head or aft end of the rocket 
motor or in a distributed form in the grain perforation. 

A pyrogen igniter (see Fig. 3), on the other hand, can 
be considered to be a small, easily ignitable rocket motor. 
Besides the obvious differences in the size of the pyrogen 
and pyrotechnic igniter, another major difference is the 
composition of the product of the two systems. Unlike the 
pyrotechnic igniter, the pyrogen igniter produces mainly 
hot gases, and therefore convection is the primary heat- 
transfer mechanism for the ignition of propellant grain in 
the motor. A monograph published by NASA-^ on solid 
propellant rocket igniters summarizes a considerable amount 
of information that can be used in igniter design. 
Detailed data on the performance characteristics of typical 
igniter systems and design criteria were also compiled by 
Falkner and Miller. 

Pyrogen igniters can be located either at the head end 
or the aft end of the rocket motor. For aft-end igniters, 
the igniter exhaust gas penetrates axially through the 
motor nozzle toward the head end. Obviously, the 
characteristics of aft-end-mounted igniters will be quite 
different than those of head-end igniters, since the 
pattern of jet impingement and flow characteristics are 
dissimilar. Aft-end igniters can be mounted either 
external or internal to the rocket motor. The inherent 
advantage of externally mounted aft-end igniters is that 
the igniter becomes a piece of ground support equipment. 
This results in a reduction of the total weight of the 
motor and allows a more conservative design of the igniter. 

Hypergolic igniters employ a pressurized hypergolic 
reagent, e.g., liquid chlorine trifluoride, which is 
injected over the propellant surface. Propellant ignition 
is caused by heterogeneous reaction at the surface. Since 


Adapter 



Fig. 3 Typical pyrogen igniter (adopted from Ref. 1, Fig. 12-4). 
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ignition in this case is dependent upon the contact between 
the hypergolic reagent and the propellant, injection of 
large drops is preferred in some cases to fine atomization. 
References 5 and 6 contain more details of such igniters. 
Because hypergolic igniters are less commonly used, they 
will not be discussed in this chapter. 

B . Physical Processes During Ignition Transient 


The ignition transient comprises a complex series of 
interrelated events/processes such as 1) initiation of 
igniter discharge signal, 2) heat generation caused by 
chemical reaction between igniter species, 3) conductive, 
convective, and radiative heat transfer from igniter 
products to the propellant surface, 4) flame spreading 
over the entire propellant surface, 5) development of the 
flowfield in the chamber, and 6) increase of chamber 
pressure to the quasisteady operating condition. These 
processes are sometimes accompanied by many abnormalities, 
such as overpressures, hang-fires (delayed ignition), 
damaging shock waves (detonation), combustion oscillations, 
chuffing, and extinguishment. 

The actual sequence of events that occur during an 
ignition transient strongly depends upon the type of 
igniter used and its location in the rocket motor (i.e., 
head-end, aft-end, or distributed igniter). Pyrogen-type 
igniters located at the head end of a rocket motor have 
been most extensively studied. For such an igniter, the 
physical processes that take place during the ignition 
transient are as follows: The hot product gases from the 

igniter flow over the propellant grain and transfer energy 



TIME, ms 



Fig. 4 Typical pressure-time traces of rocket motor and pyrogen 
igniter (adopted from Ref. 1, Fig. 12-1). 
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to the propellant surface. This causes the propellant 
grain near the igniter, where the heat-transfer rate is the 
highest, to ignite. As the igniter gases continue to flow 
over the propellant, and part of the grain begins to burn, 
the region downstream also ignites. The flame spreads over 
the entire grain; the chamber pressure rises and eventually 
reaches the, equilibrium operating condition. A typical 
pressure-time trace for a rocket motor and a pyrogen 
igniter is shown in Fig. 4. In terms of the most 
conveniently measured ballistic parameter, chamber 
pressure, the ignition transient represents the time period 
required to attain the equilibrium (quasisteady) pressure. 

For ease of discussion, the ignition transient can be 
subdivided into three separate intervals: 1) ignition 

time lag or induction interval, 2) flame-spreading 
interval, and 3) chamber-filling interval. These 
intervals are qualitatively represented as phases I, II, 
and III, respectively, in Fig. 4. This subdivision of 
ignition transient is quite appropriate for head-end 
igniters and facilitates the discussion and analysis by 
confining some of the complex physical processes to one or 
the other of the intervals. 

The ignition time lag or induction interval is 
generally defined as the interval between the initiation of 
the igniter and the appearance of first ignition on the 
propellant surface. This includes delays associated with 
the ignition and ballistics of the igniter, and the delay 
associated with the ignition process of the rocket grain 
itself. In most analyses, the time delay associated with 
the igniter is assumed to be a known input (empirically or 
otherwise). Because the ignition delay associated with the 
propellant is quite complex (see ignition chapter of 
Hermance), several practical simplifying assumptions are 
often made for ease of modeling. 

The flame-spreading interval is defined as the time 
interval between first ignition of the propellant surface 
and ignition of the entire propellant grain. The mechanism 
of propagation of ignition front or flame spreading depends 
upon the igniter gas flowfield and the rate of heat 
transfer to the propellant surface, as well as igniter and 
propellant compositions. For igniters located at the head 
end of rocket motors, the assumption of successive ignition 
of adjacent propellant elements (proposed by Summerfield in 
1964) has been successfully used to describe the flame 
propagation event, especially when the heat-transfer 
mechanism is strongly convective. In some models, the 
flame-spreading rate is considered as an empirical input. 

The time interval between the end of flame spreading 
and attainment of equilibrium chamber conditions is called 
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Fig. 5 Typical starting transients of HVT motors (low A p /A t ) 
compared with that of motors having high (A /A ) (adopted from 
Ref. 26, Fig. 1). P 


the chamber-filling interval. During the chamber-filling 
interval, the high rate of increase of chamber pressure may 
result in coupling of the pressurization rate and burning 
rate (known as the dynamic burning effect). Also, the high 
cross-flow velocity of the product gases may result in 
enhanced burning of the propellant grain (called the 
erosive burning effect). The net result of the two 
enhanced burning effects is a pressure overshoot observed 
during the chamber-f illing interval. These effects are 
much more important in the case of solid propellant motors 
with high volumetric loading density, large length-to- 
diameter ratio, or small port-to-throat area ratio. Such 
motors are sometimes referred to as high-velocity transient 
(HVT) motors. Figure 5 shows a schematic of a typical 
starting transient for HVT motors compared to that of 
motors with high port-to-throat area ratio. 

The sequence of events that takes place with the use 
of an aft-end pyrogen igniter is somewhat different. The 
igniter jet, which enters from the exit nozzle and 
penetrates the rocket motor, expands and then reverses the 
flow direction. Usually, a stagnant region of compressed 
colder gas is created near the head end of the motor. 
Within this zone, the dominant mode of energy transfer to 
the propellant surface is radiation and conduction from hot 
gases/particles. The heat-transfer process in the region 
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downstream of the stagnant zone is mainly convective. 
Because of the complex flow structure and associated heat- 
transfer rate, the propellant ignites near the aft end and 
sometimes near the middle of perforation. Unlike the head- 
end igniter, the flame spreads both upstream and downstream 
from this point, with the downstream flame propagation rate 
being faster. Location of the first-ignition point and the 
entire ignition transient for a rocket motor with aft-end 
igniter is strongly influenced by the degree of igniter jet 
penetration. Complete ignition is often observed to occur 
at the same time that equilibrium pressure is attained. 

C. Ignition Transient Models and Experiments 


Models for the prediction of the overall ignition 
transient can be subdivided into three major categories: 

1) lumped chamber parameters, or p(t) models; 

2) quasisteady one-dimensional flow, or p(x) models; and 

3) temporal and spatial flowfield, or p(x,t) models. 
Almost all theoretical modeling effort has been 
concentrated on head-end igniters; no detailed model is 
available in the open literature for predicting the overall 
ignition transient of rocket motors with aft-end igniters. 

Lumped parameter models do not allow for any spatial 
changes in chamber variables. This assumption is 
questionable, especially for motors with high volumetric 
loading density or large length-to-diameter ratios, because 
significant spatial variations in chamber parameters do 
exist during the ignition transient. Lumped parameter 
models can be further categorized as isothermal or dynamic 
temperature analysis. Isothermal lumped models, which are 
limited further because of the assumption of constant gas 
temperature in the chamber, consider only the gas-phase 
mass conservation equation in the chamber: 


dm 

c 

"dt~ 


. • . 

m. + m. - m 
ig o n 


( 1 ) 


For gasless igniters, the rate of mass addition due to the 
igniter m^g is zero. The mass flow rate out through the 
nozzle m^g is generally obtained using the condition of 
choked nozzle flow. The mass addition due to propellant 
burning depends on the instantaneous burning surface area, 
which, in turn, is linked to the ignition interval and the 
flame-spreading rate. The major difference between the 
isothermal models is the manner in which they treat the 
injection and flame-spreading intervals. 
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Most of the earlier analyses of ignition transient 
have dealt with the chamber-f illing interval only, perhaps 
because it is the least complex of the three intervals. In 
these analyses, ignition and flame spreading were either 
assumed to be instantaneous or treated empirically. The 
earliest analysis of the overall ignition transient was 
conducted by von Karman and Malina in 1940. Since several 
oversimplifying assumptions were made in the first attempt 
to model the complex ignition transients, the model is of 
limited practical utility today. 

In the mid-60's, research work in this area was 
conducted by several scientists. DeSoto and Friedman 0 were 
the first to report the treatment of entire pressure 
transient, including the flame-spreading process. Their 
model^ assumes isothermal one-dimensional gas flow in the 
chamber, spatially uniform pressure p(t), mass addition in 
the chamber due to grain burning only, and choked nozzle 
flow. The initial conditions include instantaneous 
ignition of a part of the grain near the head end, uniform 
gas pressure and temperature, uniformly distributed 
pressure and temperature in the unignited part of the 
grain, and an axially varying velocity distribution. Two- 
dimensional transient heat conduction in the propellant 
grain was considered. Flame spreading was described by the 
successive ignition hypothesis of Summerf ield ,9 and a 
constant propellant surface temperature ignition criterion 
was employed. No comparisons were made with experimental 
data. 


Sharn et al.-^ conducted an experimental and 
analytical study of the ignition transient. The ignition 
time was calculated using a critical surface temperature 
and a critical temperature profile criteria. An isothermal 
analysis, combined with instantaneous flame spreading, was 
used for the calculation of pressure transient. A single 
comparison with an experimental pressure-time history for a 
pyrogen igniter showed good agreement during the initial 
portion of the transient. 

AdamsH presented another isothermal analysis and some 
comparison with measured pressure histories. The analysis 
assumes known ignition delay times, flame-spreading rates 
(usually a linear function of time), and igniter mass flow 
rates. Approximate expressions were used to take into 
account effects of erosive burning and pressurization rates 
on the propellant burning rate. Reasonable agreement 
between calculated and experimentally measured pressure- 
time histories were reported. It was also claimed that 
ignition spikes are primarily caused by erosive burning, 
since inclusion of the erosive burning effect in the 
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Fig. 6 Effect of erosive burning on predicted ignition transient 
for a rocket motor (adopted from Ref. 11, Fig. 6). 


analysis produced better comparisons with experimental 
pressure transients (see Figs. 6 and 7). 

A further development of the lumped chamber parameter 
model was the use of temporal variation of the chamber 
temperature ( dynamic temperature analysis ). That is, in 
addition to the mass conservation equation, Eq. (1), 
considered in the isothermal analysis, the energy 
conservation equation for the chamber gas was also 
included. The gas-phase energy conservation equation is 
usually of the form: 


_d_ 

dt 


(m c T ) 
c v c 


m . h + 
ig ig 


m b h b 


m c T 
n p n 


( 2 ) 


where h^g and h^ are the enthalpies of the combustion 
products from the igniter and burning propellant, 
respectively. 
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Fig. 7 Effect of erosive burning on predicted pressure 
transients in a star-point and slotted-tube motor and comparisons 
with measurements (adopted from Ref. 11, Fig. 7). 


Baker!^ first used such an analysis. Experimentally 
obtained time-to-fir st-ignition and flame-spreading rates, 
or a specified burning surface area as a function of time, 
were employed in his analysis. Both choked and unchoked 
nozzle condition were considered. The analysis could also 
be used to compute flame-spreading rates from a given 
chamber pressure transient. Baker reported good agreement 
between predicted results and experimental data for a 
slotted grain motor. 

Bradley-^ presented another theoretical analysis for 
dynamic temperature conditions assuming a homogeneous (no 
spatial dependence) adiabatic system. This was the first 
analysis to qualitatively predict effects of various 
parameters, such as L* of the motor, ratio of igniter 
weight to motor free volume, igniter and propellant burning 
rate pressure exponents and flame temperatures, initial 
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pressure and temperature in the motor, etc. A general 
igniter form function was used to show the effect of 
igniter mass flow rate on the transient. The mechanism of 
flame spread was not considered; however, the importance of 
flame spreading on the pressurization process was 
demonstrated by assuming a linear relationship between the 
flame-spreading rate and burning rate. 

Bradley ^also found that the ignition transient was 
relatively insensitive to the initial temperature, and that 
the pressure exponent in the burning rate law has a more 
pronounced effect on peak pressure and time-to-peak 
pressure. Igniter with higher flame temperatures resulted 
in a higher and earlier peak pressure. Bradley concluded 
that " the igniter volumetric fraction is by far the most 
influential in determining the pressure-time transient.” 

Lovine and Fong-^ employed a dynamic temperature 
analysis for the chamber-filling period only. They used 
expressions for unsteady burning rate-^ and unsteady nozzle 
flow. The induction interval was obtained by evaluating 
average values of heat flux from the igniter and 
pressurization rate and experimentally measured pressure- 
time and heat-flux data for ignition. The flame-spreading 
interval was not considered. 

Detailed experimental and theoretical analysis of the 
ignition transient was conducted by Summerfield and his co- 
workers at Princeton University. 9,16-20 Their theoretical 
analysis was based on the dynamic temperature and well- 
stirred reactor (spatially uniform pressure and 
temperature). Ignition was defined as the attainment of a 
critical propellant surface temperature. Flame spreading 
was postulated to result from successive ignitions of 
adjacent elements of the propellant surface, and ignition 
front propagation was attributed entirely to convective 
heat transfer from hot combustion gases. The model 
established by Parker et al. 10,16,17 assumes a gasless 
igniter and initial burning surface area. Most et al.^-20 
extended the analysis to include igniter operation 
preceding an early stage of flame spreading. The flame- 
spreading rate was calculated by solving the solid-phase 
energy equation coupled to the gasdynamic equations. 
Because the convective heat-transfer coefficient used 
varies with the axial coordinates, the heat flux to the 
propellant surface is a function of both time and distance 
from the head end. The driving temperature difference, 
however, is assumed to be constant in both time and space. 

Summerfield and co-workers y ’ ±D-ZU also measured the 
flame propagation as well as the pressure transient in a 
windowed experimental rocket motor with slab-type 
propellant grain. Figure 8 shows a blowup of the 
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Fig. 8 Experimental rocket motor (adopted from Ref. 17, Fig. 3). 



TIME, s 

Fig. 9 Effect of ignition by hot wire and black powder on 
pressure traces of experimental rocket motor (adopted from Ref. 
17, Fig. 7). 


experimental rocket motor. They also observed that the 
ignition by a hot wire (simulating a gasless igniter) 
resulted in a much longer ignition and flame-spreading 
interval than that with black powder (see Fig. 9). A 
comparison of measured and computed nondimens ional pressure 
and burning area obtained with a hot wire igniter by Parker 
et al. is shown in Fig. 10. 
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Fig. 10 Comparison of predicted and measured dimensionless 
pressure (P) and burning area (S) (adopted from Ref. 17, Fig. 12). 


Most et al . 1^-20 observed experimentally the effects 
of igniter mass and mass flow rate and the effect of the 
addition of aluminum to the propellant. Figure 11 shows 
the effect of variation in the igniter mass flow rate when 
the total igniter mass remained constant. A gas torch 
(methane/oxygen) igniter was used in the experiments. It 
was observed that when the igniter mass flow rate was 
reduced, a hang-fire developed due to longer preheating of 
the propellant grain (C-4 in Fig. 11). It was also noted 
that the model did not do a good job in predicting marginal 
ignition (hang-fire) situations. Addition of aluminum to 
the propellant did not affect flame-spreading behavior; 
however, it did change the pressure transient due to the 
influence of aluminum on the propellant burning rate. 

Sforzini and Fellows 21 also presented a simplified 
dynamic temperature analysis. The flame-spreading rate was 
treated as a phenomenological constant, the value of which 
was deduced by comparison of theoretical and experimental 
results. Empirical induction intervals were required to 
predict pressure transients of three different motors. 

One-dimensional, quasisteady p(x) models have been 
used to analyze solid propellant rocket motors with high 
volumetric loading density and low port-to-throat area 
ratios. In these models, 23-25 t h e motor was divided into 
a number of consecutive control volumes along the axis, and 
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Fig. 11 Effect of igniter flow rate on ignition transient (adopted from Ref. 19, Fig. 11) 
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one-dimensional, steady-state gas-flow equations were 
written for the elements. These models allow for variation 
in flow and burning surface area, and in burning rate along 
the motor axis. However, the flame-spreading rate is 
required as a prescribed input to the model, and the 
induction interval is usually not taken into account. Due 
to the nature of the models, pressure peaks observed during 
the ignition transient are attributed only to erosive 
burning and friction losses along the motor. 

The general calculation procedure employed in the 
quasisteady models is as follows: The head-end pressure is 
approximated to establish the gas generation rate at that 
location; steady-state equations for each increment are 
successively solved until the nozzle-entrance pressure is 
obtained; predicted stagnation pressure at the nozzle 
entrance is compared with that necessary for passage of the 
calculated total mass flow rate through the given nozzle 
throat area; an iterative procedure is used until the two 
values of nozzle pressure converge. This procedure is 
repeated for each step in the transient. 

Both the lumped chamber parameter p(t) and quasisteady 
p(x) models are inadequate to describe the ignition 
transient of rocket motors with high volumetric loading 
density and small port-to-thr oat area ratio frequently 
combined with large leng th-to-diameter ratios. For such 
motors, the chamber parameters cannot be considered uniform 
throughout the motor, nor can they be treated in a 
quasisteady manner if the entire ignition transient is to 
be predicted. Peretz et al. 26,27 conducted an experimental 
and theoretical study of starting transients in high- 
velocity transient (HVT) motors. The model was 
successfully used by Caveny et al.28>29 t0 predict thrust 
transients of large solid rocket motors. This appears to 
be the most complete model proposed to date. A discussion 
of this model is given below. 

The basic assumptions used in the analytical model of 
Peretz et al. 26,27 are as follows: 

1) All chemical reactions occur on the propellant 
surface in a thin planar zone. 

2) Flow in the chamber is one dimensional. 

3) Rate processes at the propellant surface are 
quasisteady; i.e., their characteristic times are short 
compared to that of the pressure transient. 

4) Propellant combustion products and pyrogen igniter 
gases have the same specific heats and molecular weight. 

5) Gases obey the perfect gas law. 

It should also be noted that the solid phase is treated as 
a nonreactive material prior to ignition. Local ignition 
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is defined as attainment of a critical temperature at the 
propellant surface, and flame spreading is defined as the 
successive ignition of propellant surface elements. 

The mathematical formulation of the model, which was 
compatible with their experimental setup, consists of the 
following : 

1) mass, momentum, and energy conservation equations 
in unsteady, one-dimensional form for the gas phase; 

2) equation of state for the gas flowing in the 
motor; 

3) proper initial conditions at the start of the 
transient (onset of igniter flow); 

4) two boundary conditions at the fore end of the 
propellant section (obtained from a pair of ordinary 
differential equations) which describe the rate of change 
of pressure and temperature in the entrance section; 

5) a third boundary condition, which describes gas 
velocity at the entrance to the motor nozzle for either 
choked or unchoked flow; 

6) semiempirical correlations for the convective 
heat-transfer and friction coefficients for the highly 
turbulent flow in the port; 

7) burning rate law for the solid propellant, 
including effects of initial temperature, pressure, and 
velocity (erosive burning); 

8) a solid-phase heatup equation for determining 
propellant surface temperature during the induction 
interval, coupled to an ignition criterion for the solid 
propellant . 

The governing gas-phase equations under the 
assumptions discussed are conservation of mass: 
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conservation of energy: 
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PORTS TO PRESSURE MOTOR 



Fig. 12 Experimental rocket motor for starting transients 
(adopted from Ref. 26, Fig. 2). 


where is the rate of (convective) heat loss to 

propellant and nonpropellant port walls. 

The above conservation equations do not include the 
following terms, which were found to be negligible in an 
order of magnitude analysis: rate of mass accumulation in 

the free volume created by the propellant surface 
regression (as compared to the rate of mass addition due to 
burning); axial viscous stress; and axial heat conduction. 
The wall friction at any axial location is neglected after 
onset of ignition. 

Initial conditions for the gas-phase equation are 

u(0,x) = u ± , T(0,x) = T , p (0,x) = p (6) 

The two physical boundary conditions at the head end 
of the motor are obtained by writing continuity and energy 
equations for the entrance section (see Fig. 12). They 
describe the rate of change of pressure and temperature in 
the entrance section: 

dp es (t) 1 f 

dt = — U RT ig m ig (t) " ^ A p,es P es (t)u es (t) 
e s \ 

(y-l)A p (t)u (t) d 
1 p,es r es es' 

2 RT es (t) 


( 7 ) 
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The igniter mass flow rate m^g is assumed to be a 
prescribed input determined from experiments. Simultaneous 
integration of Eqs. (7) and (8) determines two boundary 
conditions at the head end. The boundary conditions at the 
aft end of the motor are obtained by assuming isentropic 
flow through the exit nozzle, and is given by 
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When the flow through the nozzle is unchoked, the pressure 
at the nozzle throat equals the ambient pressure. When the 
nozzle is choked, Eq. (9) has the following implicit form: 
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Empirical correlations must be used for the friction 
coefficient, convective heat-transfer coefficient, and 

7 r\ r o 7 7 

burning rate law. Peretz et al . 5 ' used a modified 

Dittus-Boelter equation for the convective heat-transfer 
coefficient, and a modified Colebrook s expression J for 
the friction coefficient. The burning rate law takes into 
account the effect of the erosive burning rate by using a 
modified Lenoir-Robil lard^ expression. 

The propellant surface temperature before the onset of 
ignition is obtained by considering the heat equation for 
the solid phase and employing an integral solution method. 
The resulting ordinary differential equation, which 
describes the variation of propellant surface temperature 
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Steady-State Burning of Homogeneous Propellants 


G. Lengelle,* A. Bizot,* J. Duterque,* and J. F. Trubert* 
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Chatillon, France 


Abstract 

Homogeneous (or double-base) propellants are still often 
used in small- to medium-sized rockets because of their 
smokeless qualities and the possibilities they offer of 
particular shapes and small burning thicknesses through 
rolling and extruding processes. Although their ingredients 
are premixed, their flame structure is very complex, since 
the flame is the stage of many chemical reactions. Much 
detailed work has been carried out on the processes of the 
condensed phase, revealing that they are essentially 
untouched by the super-rate and plateau-producing lead 
additives. The interaction of these additives is to be 
found in the primary flame zone, which is enhanced. 

Although much is known about the combustion of double-base 
propellants, a true understanding of the various burning 
rate laws observed is still far from realization. 

Nomenclature 

(The values used for representative computations are 
indicated.) 

B c = pre-exponential factor in the condensed-phase 

propellant degradation kinetics, s“^ 

B g,c = pre-exponential factor in the condensed-phase NO2 
recombination kinetics, s“^ 

Bgi = pre-exponential factor in the primary flame 
kinetics, 
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®g2 = pre-exponential factor in the secondary flame 

kinetics, cm3/mole.s 

Cp = specific heat capacity of propellant, assumed 

constant (0.35 cal/g.°C) 

Cg = specific heat capacity of gases, cal/g.°C, 

(average value 0.35 cal/g.°C) 

dp = propellant thermal diffusivity, Ap/pp Cp , assumed 

constant (1.3x10“3 cm 2 /s) 

£) = coefficient of gaseous diffusion, cm^/s 

E c = activation energy for the propellant degradation 

(40 kcal/mole) 

Eg )C = activation energy for the condensed-phase NO 2 re- 
combination (unknown) 

Eg-j = activation energy for the primary flame overall 
reaction ( - 5 kcal/mole, from Zenin^O and ONERA) 

E g 2 = activation energy for the secondary flame overall 

reaction (* 50 kcal/mole, from Zenin^O) 

- Eq / R T s 
= %2 / R T f2 

h° = specific enthalpy of formation at 0 K, cal/g 

m-j ,m2 = overall reaction order in primary and secondary 

flames (1 and 2) 

^ = average gas molar mass, g/mole 

m = mass flux through the combustion wave, g/cm^.s 

n = pressure exponent in burning rate law 

p = pressure 

q(0) = heat flux density from the gas phase at the 

surface , cal/cm 2 . s 

Q o = heat evolved per gram of propellant initially 

degrading in the condensed phase, < 0 (unknown) 
AQ C = Cg Ts - Cp To - Qs 

Qg >0 = heat evolved per gram of NO2 reacting in the 
condensed phase, >0 (unknown) 

Qgl = heat evolved in the primary flame or total 
Qg2 (primary plus secondary) flame at high pressure, 

based on enthalpies of formation 
Q s = heat evolved in the superficial degradation layer 

(from 60 to -120 cal/g, Fig. 12) 

R = universal gas constant, cal/mole.°C 

T = temperature, Tq initial, T s at surface, Tf -| at 

end of primary flame, Tf2 at end of secondary 
flame 

Vb = burning rate, cm/s 

x = coordinate normal to the surface, > 0 into the 

gas phase 

Y = mass fraction 
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y N 02 o = mass faction of NO 2 potentially available in the 
’ propellant 

Ap = propellant conductivity, assumed constant (7.5 x 

10“4 cal/cm.s.°C) 

= gas conductivity, cal/cm.s.°C, average value 
Ag, s = at surface (values from Zenin, 21 at 650 K for 
example, 1.63x10“^) 

Pp = propellant specific mass (1.64 g/cm3) 

I. Introduction 

Homogeneous propellants have been used in guns since the 
last decades of the 19th century and in rocket motors since 
the years before World War II. These propellants, based on 
nitrocellulose and nitroglycerin, are still very much in 
use in small- to medium-sized rocket motors. Compared to 
composite propellants based on ammonium perchlorate, 
aluminum and a polymeric binder, their specific impulse is 
lower, but they are "smokeless," they do not generate 
hydrogen chloride, which condenses rather easily in the 
presence of the water vapor in the plume of the rocket 
motor. When used in small motors, they are rolled or 
extruded in various shapes and very small burning 
thicknesses not possible in other propellants. In medium- 
sized motors they are put into use through processes close 
to casting. In this latter case, the tendency is to 
increase their specific impulse with the addition of 
oxidizers such as cyclotetramethylene-tetranitramine (HMX), 
while at the same time retaining their smokeless quality. 

It has been shown in many references that the combustion 
behavior of such composite-modified double-base propellants 
is very much dominated by the energetic binder. On the 
other hand, when the double-base binder is associated with 
an oxidizer such as ammonium perchlorate, the combustion 
behavior of the resulting propellant is closer to that of a 
composite propellant. 

From the viewpoint of a detailed investigation of the 
combustion, double-base homogeneous propellants seem 
attractive, since their components are premixed; their 
flames are controlled by one-dimensional chemical 
processes, rather than by complex three-dimensional 
diffusion processes as is the case for composite 
propellants; and the flames should be more amenable to 
analysis, both theoretical and experimental. However, as 
will be seen, the flames of double-base propellants involve 
many chemical reactions and a true understanding of their 
structure has not yet been acquired. 

Double-base propellants are made in a number of ways. 
When they are rolled or extruded, the components are 
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nitrocellulose and nitroglycerin, to which some stabilizers 
such as centralite and plasticizers are added, see Fig. 1. 
When they are cast, a casting powder (made of 
nitrocellulose, some nitroglycerin, and the various 
additives) is swelled within the mold by a liquid mixture 
of nitroglycerin and triacetin. The grain thus obtained is 
then inhibited and used free standing in the motor. The 
propellant ingredients can also be stirred, cast, cross 
linked, and the grain case bonded. 

Depending on the relative amounts of nitrocellulose and 
nitroglycerin, the energetic level of the propellant can be 
increased or, in the usual terminology, its "heat of 
explosion" or "calorimetric value," that is, the heat 
evolved in a calorimetric bomb by combustion under an inert 
atmosphere. One can then talk about "cool" and "hot" 
compositions. 



Macromolecule 
of nitrocellulose 


H 2 C 
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ono 2 
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C 2 H 5 C 2 H s 


(C 18 H 35 0 2 ) 2 Pb Lead 
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Hot propellant used at ONERA (extruded) 

52.25 % nitrocellulose - 42.75 % nitroglycerin 
- 3 % centralite - 2 % plasticizer 

1 1 00 cal./g heat of explosion 
Fig. 1 Double-base propellant components. 
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Double-base propellants are used in small- and medium- 
sized rockets and are thus exposed to varying ambient 
temperatures. The sensitivity of the motor operation to 
temperature depends upon the propellant burning rate 
sensitivity to both the temperature and the pressure. As 
can be seen on Fig. 2, the pressure exponent, in the usual 
empirical law v^^p n , is around 0.7 and increases to nearly 
1 at high pressure. Super-rate effects (Fig. 3) are created 
by the use of additives, most often lead salts, some 
examples of which are shown in Fig. 1. At the end of the 
super-rate zone, the burning rate falls back tc that of the 
control propellant, with the occurence of a nearly zero 
pressure exponent zone, a "plateau" effect, or a negative 
exponent zone, a "mesa" effect. These terms are used by 
analogy with topographical features. It is only in these 
reduced pressure exponent zones that the propellant is used 
to minimize the motor operation sensitivity to ambient 
temperature. Due to this fact, the study of the combustion 



1 "Cool" propellant, 820cal./g 

2+x "Hot" propellant, 1 100 cal./g 

V "Hot" propellant, 1 100 cal./g, Ref. 30 

3 "Hot" propellant, 1320 cal./g, Ref. 12 

4 Pure nitroglycerin 1770 cal./g. 

Figures for the surface temperature are obtained from the 
average curve of Fig. 11a. 

Fig. 2 Burning rate laws of control double-base propellants. 
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of propellants without additives should be conceived only 
as a first step leading to an understanding of modified 
(that is, with additives) propellants. 

The first mention of the effect of lead additives upon 
the burning rate of double-base propellants is attributed 
to Avery, Preckel, and Camp. 1-3 References 4 and 5 are the 
first widely circulated publications on this subject. 
References 6-29 are of a general nature and many results 
will be drawn from them in this paper. They will be 
discussed briefly in this section. The following references 
are more specialized and will be introduced in the course 
of the paper. 

As early as 1950,6-12 basic studies gave a good 
understanding of the combustion of unmodified double-base 
propellants, most notably those of Heller and Gordon^ of 
the U.S. Naval Ordnance Test Station (now the Naval Weapons 
Center), which examined the temperature and chemical 
composition in detail. For modified propellants in general, 
Refs. 13-19 are representative of the work carried out in 
the United States; Refs. 20-23 report work performed in the 
Soviet Union on reference and modified propellants. 



Fig. 3 Super- rate effects. 


1 Control cool propellant, 820 cal./g 

2 Cool propellant + 2p.* lead salt 

3 Cool propellant 4 - 2p. lead salt + 0.5p carbon black 

4 Control hot propellant, 1 100 cal./g 

5 Hot propellant + 2p. lead salt. 

*Meaning 2 parts of additive per 100 parts of propellant. 
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Zenin20-22 0 f the Institute of Chemical Physics, USSR 
Academy of Sciences, made some excellent explorations of 
combustion wave temperatures, the results of which will be 
cited repeatedly herein. Hewkin and his colleagues, 2 ^>25 0 f 
the British Explosives Research and Development 
Establishment, conducted an extensive experimental program 
on modified propellants and developed several ideas to 
explain the action of the additives. The work of Kubota 2 ^- 
28,60 at Princeton University and the Technical Research 
and Development Institute, Japan Defense Institute, is very 
extensive and its results will be cited frequently in the 
following sections. Finally, the work of ONERA was 
summarized in Ref. 29. 

This paper draws from these references. Many of the 
statements herein should be viewed as propositions only, 
since the various suggested mechanisms are not in fact 
truly established facts. A double-base propellant 
combustion wave structure is rapidly described in Sec. II 
and the observed burning rate laws in the presence of 
additives in Sec. III. The condensed- and gas-phase 
processes are covered in the next two sections. Section VI 
describes the mechanisms thought to occur in the super-rate 
and plateau ranges. 


II. General Behavior and Flame Structure 
of Homogeneous Propellants 

From the works mentioned previously it is possible to 
describe the combustion wave structure of double-base 
propellants, in particular its chemical processes, see 
Figs. 4-6. The various data will be discussed and justified 
later. 

The propellant components (Fig. 1) pass unaffected 
through a preheated zone of a few tens of micrometers in a 
few milliseconds and reach a superficial degradation zone 
(or "foam" zone in the early literature) where the 
temperature becomes high enough for the molecular 
degradation to take place, initiated by the rupture of the 
C-0-}fN02 bond. Simultaneous recombination occurs so that a 
mixture of N02> aldehydes, but also NO emerges from the 
surface and the net energy balance of the degradation is 
exothermic. At pressures under about 100 atm, a clearly 
separated primary flame ("fizz" zone) and a secondary flame 
("luminous" flame) are observed, the first involving N02- 
aldehydes reactions and the second NO-CO and NO-H2 
reactions. In this pressure range the secondary flame is 
too far away to have any effect on the surface or even to 
induce a temperature gradient into the primary flame. The 
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Fig. 4 Various zones in the combustion of a double-base propellant. 



1500 Tf°C) 


e~50\im 
t solid = 5 ms 
i gas = 0.05ms 

J Superficial degradation 

] e~ 2\imJ[ zone 

t - 0.2 ms 


e~30\im 
1=3 ms 


-50A 


Lead or 
1 copper salt 




NC NG 
1 R- 0//-N0 2 


A T-.50°C 


Preheated zone 


Qualitative picture representative of an 
820 cal./ g + 2p. lead salt propellant, 
with V b ^ 1 0 mm/s at 50 atm. 


Fig. 5 Zones of the combustion. 
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Pressure atm. 

10 

50 

100 

V b mm/s 

1.9 

6.7 

10.6 

T S ,°C 

330 

380 

400 

Preheated zone, jum 
( measu red/ compu ted ) 

140/155 

50/45 

45/28 

Residence time in 
preheated zone, ms 

80 

7 

3 

Superficial degradation 
zone /im 

9 

3 

2 

Residence time in superficial 
zone, ms 

5 

0.4 

0.15 

Flame thickness, /im 
(measured) 

200 

75 

110 

(secondary flame) 


Measured results from Zenin, Ref. 21 
Fig. 6 Characteristics of the combustion zones. 


burning rate is then entirely under the influence of the 
latter. This corresponds to a burning rate/pressure law 
with a 0.7 pressure exponent (Fig. 2). As the pressure 
increases, the secondary flame perturbs and then merges 
into the primary flame and a transition is observed to a 
zone with a pressure exponent close to 1 . When the 
secondary flame is fully developed, even at pressures for 
which it does not yet influence the burning rate, the final 
products (N 2 , CO, CO 2 , H 2 O, and H 2 ) and the final tem- 
perature (2100-2900 K, depending on the heat of explosion) 
are realized. 

The data of Figs. 5 and 6 show clearly that the combus- 
tion zone thicknesses are very small, rendering detailed 
investigations very difficult and making it necessary to 
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use thermocouples with sizes down to a few 
micrometers .20 ,21 ,26 The residence times are of the order 
of milliseconds in the condensed phase and of tens of 
microseconds in the gas phase. A number of studies have 
been carried out at lower temperatures and at times on the 
scale of tens of minutes by techniques such as thermogra- 
vimetry, differential thermal analysis, etc. The question 
must always been raised about how to extrapolate the 
results to the higher temperatures and much shorter times 
involved in the actual combustion of the propellant. 

The consideration of a few relations that characterize 
the combustion process will help to explain the different 
ways an additive can be thought a priori to act. The 
burning rate will result from physicochemical processes 
that are summarized by the following relations, which will 
be fully established in subsequent sections. The burning 
rate and surface temperature are related by a pyrolysis 
law, 

v b ^ exp(-E c / 2 R T s ) (1) 

The regression of the surface is related to the heat flux 
from the gas phase via the conservation of energy at the 
surface 

q(0) = ^g > s(dT/dx)g jS = Pp v b (eg T s - Cp Tq - Qs) (2) 


The heat flux results from the heat evolved in the gas 
flame, following the kinetics of that flame, and is 
expressed as 


q(0) = f (Tf i , T s , Q g i . . . ) pKM/ 2 (3) 

B g i expC-Eg-j / 2 R Tfi) 

Finally, an energy balance between the propellant at the 
initial temperature and the end of the primary flame is 
expressed as 

c g Tf*] = Cp To + Qs + s Qgl (4) 

the same applying with the values relative to the end of 
the secondary flame. 

The set of Eqs. (1-4) determines the four unknowns, T s , 
Tfi (or Tf2), q(0) and v b . As will be seen later, Eq. (1) 
shows that T s varies moderately with v b due to the high 
activation energy E c . The heat flux is modified [Eq. (3)1 
by any change in the flame temperature or kinetics. The 
flame temperature is changed by any modification of the gas 
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composition [Eq. (4)]. Finally, the burning rate [Eq. (2)] 
follows changes in q(0) and Q s , the impact of T s being 
moderate since it varies little. As an example from the 
results of Zenin^l at 50 atm, q(0) is measured to be - 24.5 
cal/cm^.s; see Fig. 6. The ratio of the heat flux from the 
gas flame to that from the condensed-phase reaction is then 


q ( 0 ) / Pp V b Qs = 0.21 

Any change brought about by the additive in the condensed- 
phase processes could then have a large impact on the 
burning rate. From the measured flame temperatures of Fig. 

6 and Eq. (4), one can evaluate the heat evolved in the 
primary flame Qg-j (e.g., at 50 atm) and Qg2, the total heat 
evolved in the gas phase when the final temperature is 
reached, 


Qgl - 320 cal/g, Q g 2 - 600 cal/g 

Any modification that brings some of the energy available 
in the secondary flame closer to the surface will then have 
a large influence on the burning rate. 

III. Burning Rate Laws: Influence of Additives 

The burning rate of a double-base propellant is, at a 
given pressure, related primarily to its heat of explosion. 
Figure 2 shows this trend from a "cool" propellant to pure 
nitroglycerin. As the pressure increases, a shift in the 
pressure exponent from - 0.7 to - 1 is observed, the change 
in slope occurring at a lower pressure as the heat of 
explosion increases. 

In the presence of lead salts, cool propellants give 
rise to strong super-rate and mesa effects, as shown in 
Fig. 3* Hot propellants have lower super rates located at 
lower pressures. The magnitude of the super rate might 
depend on the details of the fabrication. 31 This has also 
been observed at ONERA and it seems to be primarily a 
problem of thorough additive distribution in the 
propellant. The super-rate range can be extended to higher 
pressures by the addition of small quantities of carbon 
black (Fig. 3), if its size is small enough (under a few 
tenths of a micrometer) . ^ > 5 

The results presented here and in most of the literature 
cited were obtained on strands burning in pressurized 
vessels. It can be shown that within experimental error 
they are representative of the burning in motors, provided 
that they operate under nonerosive conditions. 
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Results of Hewkin, Ref. 24. 

Fig. 7a Effect of lead compound concentration. 



a Cool propellant, 820 cal./g, + 0.73 p. PbO 
o Cool propellant, 820 cal./g, + 1.57 p. lead salicylate 
(- 0.73 PbO) 

* Cool propellant, 820 cal./g, + 2,52 p. lead stearate 
(-* 0.73 PbO). 


Fig. 7b Super rates with various lead compounds. 
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A second super-rate effect is observed in Fig. 3 for 
both cool and hot compositions with a comparable magnitude 
and pressure range. A careful review of the literature 
shows that either control propellants are studied in a 
large pressure domain or modified propellants are usually 
investigated in a limited pressure range. This is the case 
for the work of Kubota, 26-28 Hewkin, 24,25 Denisyuk.23 Any 
detailed work found in the literature on the effects of 
additives is for the first super rate. A few comments 
relative to the second super rate will be presented in Sec. VI. 

A number of observations has been made with respect to 
the first super rate. It has been found that the effect of 
the lead (or copper) salt particle size is moderate, 26 
while an increase in the amount of lead compounds shifts 
the super-rate range to lower pressures; see Fig. 7a (from 
Hewkin^^) and also Preckel.^ It seems that, when compared 
on the criterion of the amount of PbO residue they can give 
after decomposition, lead compounds have a fairly similar 
effect, particularly with regards to the pressure range 
(Fig. 7b). No dramatic differences, comparable, for 
example, to the effect of small amounts of carbon black, as 
shown on Fig. 3, are observed between aliphatic and 
aromatic salts, or simply PbO. This contradicts somewhat 
the conclusions of Preckel.5 Other lead oxides such as Pb02 
and Pb 304 have also been found to be effective in creating 
super-rate effects. 25 

The results of Fig. 8a show that carbon black by itself 
is slightly effective in creating a super rate, a result 
also found by Kubota. 26 a copper compound by itself, CuO in 
this case, has little effect, which is also observed by 
Denisyuk23 and Kubota26 (for copper salicylate). However, 
Eisenreich53 finds copper salicylate to give slight super- 
rate and plateau effects. It is when copper compounds are 
associated with lead compounds that very important super 
rates are obtained. Reference 30 shows how an extensive 
empirical research of copper and lead salts can produce 
plateau effects with high burning rates of important 
practical interest, see Fig. 8a. 

It is seen in Fig. 8b that a metallic oxide, Fe 203 , 
which is often used in composite propellants based on 
ammonium perchlorate, has no effect on the burning rate of 
a double-base propellant when introduced with a particle 
size comparable to that of the lead compounds used in the 
propellants of the previous figures. However, when Fe 203 
with a large particle size is introduced, a more or less 
constant super rate is observed. This has also been 
observed by Hewkin24 for a size -I40v< m and for a variety 
of metallic oxides. It seems that in the case of large 
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— Control 1 100 cal./g + lead salicylate 4- copper resorcylate 
4- carbon black, Ref. 30 

— Control + 0.6p Pb 0 4 2p Cu 0 + 0.5p carbon black 

— Control 4- 0.6p Pb 0 + 0.5p carbon black 

x Control + 2p Cu 0 4 0.5p carbon black 

o Control 4- 0.5p carbon black 

Control propellant 820 cal./g 

Fig. 8a Activity of copper and lead compounds. 



( Control 820 cal./g 

o "4- 2p. Fe 2 0 3 (4.7 jum) 

x " + 2p. Fe 2 0 3 (28 jum) 

a Results of Hewkin (~ 140 jum), Ref. 24 
Fig. 8b Effect of Fe203» 
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particles a flame holder effect results that is similar to 
what is thought to occur when metallic oxides increase the 
burning rate of composite propellants, in which the flame 
attaches to the particles protruding from the surface and 
increases the heat flux to the surface. Such an effect 
therefore seems different from what occurs when small-size 
particles of lead compounds are used, for which the effect 
is probably a chemical interaction. 

Many of the results presented in this section cannot be 
truly explained by the detailed consideration of the 
combustion mechanisms presented in the following sections. 

At most, ideas can be presented and trends rationalized. 

Any search for specific results, such as the precise 
burning rate levels in a plateau in a given pressure range, 
will have to be empirical. 

IV. Detailed Study of the Combustion Mechanisms 
in the Condensed Phase 

As was said in Sec. II, in the condensed phase the 
propellant components undergo a preheated zone through 
which they remain essentially intact and a superficial zone 
in which they are degraded into gases (Figs. 4-6). In this 
degradation process, it is likely that the initial step is 
the CO -++" no 2 bond breaking. Simultaneously, recombination 
reactions involving NO 2 occur, so that the amount of this 
species coming off the surface is less than what is 
contained in the initial molecules and the net energy 
evolved in the degradation is exothermic. The kinetics and 
energetics of this degration, the nature of the gases, and 
the behavior of the additive in the condensed phase will be 
considered. 

Degradation of the Propellant 

The consideration of the characteristic equations of the 
processes will lead to estimates of the quantities 
involved. The conservation of energy, assuming average 
constant thermal properties, outside of the superficial 
zone and in a coordinate system tied to the regressing 
surface with x positive into the gas phase, is expressed as 

P p v b c p (dT/dx) = d(*p dT/dx)/dx (5) 

so that the temperature profile is 

[ T(x) -Tq ]/ [T s - Tq ] = exp(x vb / d p ) (6) 
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The thickness of the preheated zone can be conventionally 
defined from 


T ( e preh) — Tq = (1/10) (Tg - Tq) 


that is 

e preh = (InlO) (d p / Vb) (7) 

The superficial degradation zone thickness can be defined 
from the temperature at which the degradation rate has 
dropped to one-tenth of its value at the surface; the 
temperature drop A T reacP is then 

exp [ -E c / R (T s - AT rea ct) 1 = (1/10) exp [ -E c / R T s ] 

ATreact / T s = 1/(1 +£ c / InlO) = (InlO) / £ c (8) 

This temperature drop introduced into Eq. (6) gives a rough 
estimate of the degradation zone thickness 


e react= -(dp / vt>) In [ 1 - ATreact / (Ts - To) ^ 

= (d p / v b ) (In i") (1 /£ c ) T s / (T s - T 0 ) (9) 



Fig. 9 Temperature profile 
in the condensed phase. 
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The numbers given on Figs. 5 and 6 for the zone thicknesses 
are extracted from the above equations. It is seen that the 
superficial degradation zone is of the order of 1/<? c that 
of the preheated zone, with S c - 30. 

An example of a temperature profile, obtained by 
inserting a small thermocouple in a propellant strand, is 
shown in Fig. 9. Kubota26 and Zenin 20 > 2 'l have made many 
such experiments with thermocouples down to a few 
micrometers in size. It is seen that the profile expressed 
by Eq. (6) is fairly well satisfied; its slope gives an 
estimate of a constant average thermal diffusivity dp 
- 1.3 10“3 cm 2 /s, which is in agreement with direct 
measurements at low temperatures. 

The degradation of the components of double-base 
propellants, of compounds similar to these components, and 
of complete propellants has been studied by a number of 
authors. The results concerning the kinetics of the 
degradation are given in Table 1 . It is seen that an 
activation energy between 35 and 40 kcal/raole and a 
reaction order of 0 (with respect to the specific mass of 
the compound remaining to be degraded) are found. Also, 
from the results of Aoki and Kubota, 60 there seems to be a 
given kinetics, independent of the propellant composition, 
meaning that the kinetics of nitrocellulose and 



A Thermocouple reading, radiation, Suh 16 
®— ® Thermocouple reading, hot jet convection, Niioka 54 

o , radiation, Price 54 

• I.R. pyrometer, hot jet convection, hot propellant, ONERA. 
Fig. 10 Ignition of double-base propellants. 



Table 1 Degradation characteristics of propellants components 


Origin 

Compound 

Method 

Activation energy kcal./mole 

BAKHMAN 32 

ch 3 o-no 2 

Thermal decomposition 
< 210- 240° C 

39.5 

HICKS 33 

c 2 h 5 o- no 2 

Combustion 

38 

HARTMAN 34 

Nitroglycerin 

Thermal decomposition 

90 to 160° C 

34.4 ± 1.5 

ALEKSANDROV 35 

Nitroglycerin 


k = 4 10 13 exp (- 35 10 3 /R T) s M 

0 order reaction 

BAKHMAN 32 

Nitroglycerin 

Thermal decomposition 

75 to 1 50° C 

40-45 

PHILLIPS 36 

Nitrocellulose 

Vacuum thermogravimetry 
on films, < 190° C 

- 40 

ALEKSANDROV 32 

Nitrocellulose 

Vacuum thermogravimetry 
+ literature results 

k=10' 6 - 9 exp (-42 1 0 3 / R T) s' 1 

T 70 - 300° C, O order reaction 

ALEKSANDROV 35 

N powder 

"Pulsed" thermogravimetry 

41 

AOKI/KUBOTA 60 

Propellants 

700 to 1090 cal./g 

Differential thermal analysis 
up to - 220° C 

- 34 

SUH 16 

M2 propellant 

Ignition studies, radiation 
(T s /ign. - 200° C) 

k=10 12 exp (-4010 3 /R T) s M 

O order reaction 

NIIOKA 54 

750 cal./g propellant 

Ignition studies, hot jet 

k= 0.6 10 17 exp (- 40 10 3 /R T) s M 

NIIOKA/PRICE 54 

JPN propellant 

Ignition studies, radiation 

k= 1.1 10 17 exp (- 40 10 3 /R T) s' 1 
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nitroglycerin are probably fairly close. It is also 
possible to extract data on the degradation kinetics from 
ignition experiments. It can be shown^,39 that the 
evolution of the time required to reach ignition with the 
heat flux imparted to the surface is determined by this 
kinetics; in particular, the value of E c can be extracted 
from the slope of a representation such as that of Fig. 10. 

A fairly reliable (due to the large range of heat fluxes 
utilized) value of 40 kcal/mole is obtained. Suh,^ who 
matched the results of a numerical approach to experiments, 
also gives this value. The results of Niioka,56 w ho uses an 
approximate approach (previously found to be very close to 
a more rigorous numerical one) matched to experiments, ha 1 e 
been recomputed to take into account E c = 40 kcal/mole; 
they are then very close to those of Suh. 

These results on the degradation kinetics are obtained 
at temperatures below ^ 220°C. One does not know a priori 
if they will apply to the combustion regime in which 
temperatures higher by 100-200°C are thought to occur at 
the surface (Fig. 2). 

One can consider the equations representing the 
conservation of the nondegraded propellant with a zero- 
order reaction, 

Vb d(p p Y p ) / dx = - P p B c exp(-E c / R T) (10) 

the conservation of NO2, with an assumed first-order recom- 
bination reaction, 

v b d( Pp YN0 2 )/ dx = + y N0 2) o Pp B C exp(-E c / R T) 

- (Pp y N 0 2 ) B g)C exp(-E g)C / R T) (11) 

and finally the conservation of energy, 

Pp v b c p dT/dx = d(Ap dT/dx)/dx + Q c p p B c exp(-E c / R T) 

+ Qg,c (Pp y N 0 2 ) B g)C exp(-E g)C / R T) (12) 

Summation of Eq. (10) from the initial propellant to the 
surface, with Y p> o = 1 and Yp >s = results in 

Pp Vb = [ Pp B c exp(-E c / R T) dx (13a) 

J+ 00 

meaning that the surface regression is the result of the 
in-depth (although on a very small thickness) 
transformation of the propellant into gases. From Eq. (11) 
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it is obtained 

Yno 2,s = Yno 2,0 “ (1/p P Vb) 03b) 

( Pp Yn 0 2 ) B g,c exp(-E gjC / R T) dx 

which expresses that the amount of. NO 2 coming off the 
surface is that potentially available in the initial 
propellant, Y^o? m ^ nus that amount which has reacted in 
the condensed pndse. Since the kinetics of the condensed- 
phase reaction of N02» which takes place simultaneously 
with the initial degradation, is totally unknown, there is 
no way to estimate the extent of this reaction. 

Experimental determinations of the gas composition evolving 
from the surface will be presented later. Finally, the 
summation of the energy equation (12) gives 

A g,s (dT/dx) g>s = Pp v b [eg T s - c p Tq - Q c 

- Qg,c (yno 2 , 0 " y no 2 , s ) 1 04) 

This equation was used as Eq. (2) in Sec. II; it shows that 
the heat evolved in the transformation propellant /gases Q s 
(positive if exothermic) is 

Qs = Qc + Qg,c ( y N0 2) o “ y N0 2(S ) (15) 

and depends upon the amount of NO 2 that has reacted in the 
condensed phase. In view of the above considerations it is 
impossible to evaluate it a priori and the computation 
recently presented by Cohen62 j_ s probably oversimplified. 
Values of Q s will be extracted later from the experimental 
data. 

Returning to Eq. (13) and taking into account the fact 
that the degradation zone thickness is given by Eq. (9), it 
is found that 

P p v b ^ ^°p Bq exp(-E c / R Tg) dp /Sc v b 

This relationship has been established more rigorously in 
Ref. 40 (see also Ref. 41) to be 

v b = exp(-E c / 2 R T s ) 

[b c dp / C?c [ 1-CT 0 / Tg) - (Qs / 2 c p T s )]jl/ 2 (16) 

This equation essentially relates the burning rate and the 
surface temperature; it is Eq. (1), the pyrolysis law. 
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13 1.4 1.5 1.6 1.7 1.8 1.9 2 

T S K 

714 667 625 588 555 526 500 

Corresponds to B c = 1.3 10 17 s" 1 , E c = 40 10 3 cal./mole 

Q s = 60 cal./g, T 0 = 20° C, 

d p = 1 .3 1 0“ 3 cm 2 /s 
«■ — ► Microthermocouple, Fig. 9 

* Microthermocouple, Suh 16 

* Control ) 

... . } Microthermocouple, Kubota 26 

• + additives ) 

• Microthermocouple, Zenin 21 

o " Light pipe” method, Seleznev 42 ^ propellant 

® "Thermal noise” method. Ref. 55 (control) 

o Microthermocouple, Denisyuk 23 , T 0 = 120°C 
Fig. 11a Burning rate/surface temperature law. 



Results of Kubota 27 (Double base matrix with 23% HMX) 


Average curve, for the control propellant, from Fig. 11a. 


Fig. 11b Surface temperature. 
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Many measurements of surface temperatures have been 
made. The results are collected on Fig. 11a. In view of the 
very small thicknesses and high-temperature gradients 
involved, some important scatter should be expected. With 
this in mind, the results of Fig. 11a are coherent. If one 
draws an average curve through these results, the values 
indicated for the kinetic factors are obtained by matching 
Eq. (16). It would be worthwhile to confirm the results of 
Table 1 regarding ignition, but so far there is a good 
agreement between the degradation observed at ignition and 
during combustion. 

From the results of Fig. 11a, the conclusion can be 
drawn that the condensed-phase degradation is a thermal 
phenomenon. It seems that both nitrocellulose and 
nitroglycerin degradations are taking place. No evaporation 
of the latter is involved and pressure does not enter into 
the (vb - T s ) relationship; this is also concluded by Zenin 
and Novozhilov. 22 No influence of the additive on the (vb - 
T s ) law and, consequently, on the degradation kinetics is 
detected, the comparison being made for two sets of results 
due to Kubota26,27 in Fig. 11. Such a conclusion renders 
improbable Suh f s hypothesis^ 0 f an interaction (a 
f, chelatisation ff ) between the lead salt and propellant 
components that would weaken the CO-NO 2 bond, modify the 
degradation kinetics, and expedite the decomposition when 
additives are present. Furthermore, such an interaction 
would be possible only for lead salts; however, it has been 
observed that PbO is effective in creating super-rate 
effects (Figs. 7 and 8a). 

The use of Eq. (14) for the energy balance at the 
surface and the knowledge of the temperature gradients 
obtained from small thermocouple traverses allow one to 
produce estimates of the net heat generated in the 
condensed phase, Q s . The results are shown in Fig. 12. 
Again, considering the very high temperature gradients, a 
large uncertainty should be expected. The results are 
coherent. The net heat Q s is exothermic, meaning that the 
heat evolved in the reaction of NO 2 overcomes that absorbed 
in the degradation [see Eq. (15) J. It is found to increase 
with pressure or burning rate. As long as the kinetics of 
the condensed-phase NO 2 reaction is not known, it is 
impossible to estimate how much the amount of NO 2 coming 
off the surface Y N q 2 s decreases tEq.(13b) ]or how much 
consequently Q s increases feq. (15)1. Another important 
conclusion is that Q s is not affected significantly by the 
presence of additives, as also pointed out by Kubota. 27 
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• From Fig. (9) 

£ Control propellant 
£ Control + lead and copper salicylate 

* Control propellant "N" 

© Ignition studies 

t Combustion at 10 to 600 mm Hg 


Kubota 26 

Zenin 21 

Suh 16 

Zenin 56 


Fig. 12a Heat released in the condensed phase. 



Results of Kubota 27 
(Double base matrix with 23% HIVIX) 

Fig. 12b Heat released in the condensed phase. 
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Condensed-Phase Degradation Gases 

The nature of the gases resulting from the degradation 
(and the unavoidable simultaneous reaction of NO 2 ) of 
components similar to the propellants or of the propellants 
themselves has been the object of a number of 
investigations, summarized on Table 2. It can be seen that 
quite frequently the production of NO 2 and aldehydes is 
assumed rather than truly detected and that no complete 
quantitative results can be found. 

Experiments have been carried out at 0NERA 2 9 in which a 
propellant sample is pressed against an electrically heated 
plate or exposed to a radiation beam under a vacuum, so 


Table 2 Degradation products of nitric esters 


Reference 

Compound 

Decomposition scheme and products 

ADAMS 43 

Methylnitrate 

ch 3 -ono 2 

► CHjO + 1/2 H 2 + N0 2 

Assumed 

ADAMS 43 

Ethylene glycol dinitrate 



9 h 2 -ono 2 

C H 2 - ono 2 

► 2 CH 2 0 4 - 2 N0 2 

Assumed 

POWLING 44 

pN 0 2 

CH 3 - CH - CH - ch 3 

► 2 CH 3 CH 0 + 2 N0 2 

see also 

Fig. 16 

ono 2 

ono 2 

6 h 2 -ch 2 -ch 2 -ch 2 
ono 2 

Combustion 

► 2 CH 2 0+2 N0 2 + C 2 H 4 

-30%NO 2 experimentally observed 

MALTSEV 43 

BENT 46 

Nitroglycerin 

and 

propellants 

H 0 

-►CH 2 0,C-C ... 

6 H 

N0 2 assumed in Ref. 45 

N0 2 seemingly observed in Ref. 46 

RIDEAL 47 

Nitrocellulose 
- 160° C 

Decomposition under vacuum 

► 37 % NO 10 % N 2 14 % CO 20 % C0 2 

10% N0 2 by difference 

DAUERMAN 48 

Propellant under 
ignition 

Results not clearly usable. 

N0 3 is "detected", disputed 
by a number of authors. 

FARBER 49 

, 

Propellant 
> 1 50° C 

Decomposition under vacuum 

►CO, NO CO H 2 .. 

N0 2 observed in 
mass spectrometry 
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that no primary flame can occur (Fig. 13). In this way, the 
regression rate is close to 1 mm/s, the heated zone and 
residence time in the condensed phase are simulated, but 
the gases sampled and analyzed by mass spectrometry are 
those evolving from the condensed-phase degradation. The 
peaks obtained are used to identify the various species 
(Fig. 13) and, with the knowledge of the response of the 
mass spectrometer to each species taken individually (Table 
3), the gas composition is found. It can be corrected to 
take into account the defect in carbon with respect to the 
original elemental composition, observed to be due to 
residues on the surface. Large amounts of aldehydes and NO2 
are indeed found, in quantities inferior to that 


Diaphragms. 



iji 

| Propellant 
sample 


Heating -J 
plate 
or 

radiation =j| 
source 


Vacuum 

pump 


Direct introduction 
into ionisation 
chamber 


Vacuum 


1000 ± 


Hr 


* 


700- 

600- 


CO 

C0 2 

Aldehydes 


NO 

N0 2 

HCHO 

(CH0) 2 


500A 


400- 

300- 


(CH0) 2 
HCHO I 


Control propellant 
1 100 cal./g 

degression ^ 1 ITUTl/s 

p < 1 mbar 
T s ^ 300° C. 

Residence time in 

heated zone ~ 0.5 s. 
Shading represents 
scatter on ten 
experiments under 
the same conditions. 


200 - 

100 - 

0- 


N0 

NO- 




h 2 o 


HCN 

3 


5 10 20 


30 


C0 2 


N0 2 (CH0) 2 
f \ m/e 
40 50 60 


Fig. 13 Gases produced in the condensed phase. 



Table 3 Gases from the condensed phase 


Main peak 

height (mm) iy ‘ 4 

Sensitivity factor 355 
(mm/mb) 

Partial pressure 0.0! 

(mb) 

Total = 0.5 mb 

Molar fraction % 10.9 

Mass fraction % 8.9 


0.03 0.029 


10.9 

27.5 

13.4 

6 

5.8 

8.9 

34.4 

10.2 

7.2 

2.8 


Mass fractions of the elements % 



Gases 

(after correction) 

Propellant 

C 

21.1 

(24.6) 

24.6 

H 

2.3 

( 2.2) 

2.8 

0 

62 

(59 ) 

58 

N 

14.6 

(14 ) 

14.5 


Mass fractions after correction for carbon 
Carbon NO N0 2 CO C0 2 H 2 0 H 2 HC 


Potential N0 2 in the propellant — 46.7 %. Hot propellant. 
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potentially contained in the initial propellant, after 
reactions to give NO. 

Condensed-Phase Behavior of the Additive 


Thermogravimetric analyses of lead salts have been run 
in which samples of a few milligrams are exposed to rising 
temperatures and continuously weighed (Fig. 14a). It is 
found that even at temperatures of 300° C, not much below 
those occurring at the surface of burning propellants (see 
Fig. 11a), it takes minutes for the salt to decompose. 

Under the same conditions nitrocellulose will decompose at 
^ 200°C. The activation energy of the decorrpostion of 
nitrocellulose being 40 kcal/mole and that of lead stearate 
- 30 kcal/mole, there is no way that the latter’s 
degradation can catch up at higher temperatures. From the 
characteristics, for example of lead stearate, obtained 
from Fig. 14a, it can be evaluated that, for a typical 
residence time in a burning propellant combustion wave of 
10 ms, the salt will have to rise to - 700° C to decompose; 
this will occur well above the surface. The results of 
Morrow50 and de Schor51 in Fig. 1 4b show that the thermal 
degradation of nitrocellulose or propellants is not 
affected by additives. 

These results suggest that the active part of the lead 
salt, the PbO residue, will be obtained only above the 
surface once it is trapped in the carbon residues (see Fig. 
5) that are formed even in the case of nonmodified 
propellants. The kinetics and energetics of the propellant 
degradation are not affected and, although no true 
comparisons have yet been made with leaded propellants in 
the experiment shown in Fig. 13, it seems plausible that 
the gas composition emerging from the surface is unaffected 
by the presence of the salt. 

The action of the super-rate-producing lead additives 
does not seem to take place in the condensed phase; a more 
likely site is the gas flame, which will be covered in the 
following section. 

V . Detailed Study of the Combustion Mechanisms 
in the Gas Phase 

It was mentioned in Sec.. II that the gas phase of a 
burning double-base propellant comprises two separate 
flames, at least at pressures below 100 atm (see Fig. 4). 
From detailed measurements of temperature profiles and by 
considering the equation representing the conservation of 
energy (this will be seen later), Zenin^O has extracted 
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Next Page 


iNon degraded mass ( a /o) 



Nitrocellulose 
E s 40 keel /mole 
( under vacuum) 


a) 


20 


40 

-h 


60 

H- 


BO 


Ibar argon 
2 * 10 mg sample 
* 46 % PbO residue^ 

' =7- <^~ 

] Lead salicylate 

= 29% PbO resid ue 
(Xray identification) 
lead stearate 
E z 30 k cal/ mole 
WO 120 


-4- 


t (mn ) * 


100 200 300 4 00 500 600 700 T(°C)BOO 

Thermogravi metric analysis 

Fig. 14a Additive thermal degradation. 



1 Nitrocellulose 
3.24 mg. 

2 Nitrocellulose 
+ 2 % lead 
salicylate, 3.56 mg. 

3 Nitrocellulose 
+ 2 % lead 
salicylaldehyde, 
4.64 mg. 


Differential scanning calorimetry of catalyzed vs. pure 12.6 % N 
Nitrocellulose films. Results of Morrow 50 . 



T(K^ T(K). 

440 480 520 440 480 520 


8 °C/mn 


discs 


T(K)^ 

440 480 520 



Differential scanning calorimetry. 

— Control propellant Results of Bana de Schor 51 

— Catalyzed propellant 


Fig. 14b Additive thermal degradation. 
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Chapter 8 


Steady-State Burning of Composite Propellants 
under Zero Cross- Flow Situation 


Kumar N. R. Ramohalli* 
University of Arizona, Tucson, Arizona 


Abstract 

An attempt is made to review a variety of the analy- 
tical modeling studies available on this subject. Presen- 
tation of a thorough historical survey is not an objective 
of this chapter. Since the intent is to use a textbook 
philosophy, certain basic aspects related to solids 
loading, particle size and shape, binder type, processing 
influences, and the vapor phase mechanics are briefly men- 
tioned in an effort to develop a feeling for the composite 
propellant system. Typical burn-rate influences of ingre- 
dient and processing variations are mentioned. The ma- 
jority of the discussion focuses on the most widely used 
type of composite propellant, Ammonium perchlorate (AP) as 
oxidizer with inert hydrocarbon binder systems. The 
thorough analysis of AP combustion by Giurao and Williams, 
the granular diffusion flame model of Summerfield, the 
Hermance model, the Becks tead-Derr-Price model and the 
petite ensemble model are described from the literature. 
More recent statistical analyses of polydisperse heteroge- 
neous system are referenced. Some related, but often over- 
looked, work in nonpropellant heterogeneous composites are 
mentioned as are papers on unconventional ingredients for 
specially tailored burn-rate performance and diagnostic 
tools for better understanding and modeling. 


Nomenclature 

A = Arrhenius pre-exponential (frequency) fac- 

tor 


Copyright © American Institute of Aeronautics and Astro- 
nautics, Inc., 1983. All rights reserved. 
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V C s 
c p 


D, , Do 


= Arrhenius pre-exponential (frequency) 

factor for fuel pyrolysis in the Hermance 
model and in the PEM 

= Ratio of peak diffusional distance to the 
effective heat transfer distance in diffus- 
ion flame in BDP model 
= Arrhenius pre-exponential for -n 

oxidizer pyrolysis l PEM 

= Arrhenius frequency factor for the \ 
primary flame 

= Constant in the GDF correlation 
= Mass of fuel vapor produced by oxidizer 
decomposition 

= Mass concentration of B 
= Burner radius from the Burke-Schumann 
analysis 

= Also, the characteristic surface dimension 
(BDP model) 

= Also, constant in the GDF correlation 
= Mass of oxidant vapor produced by oxidizer 
decomposition, HCIO^ when oxidizer is AP 
(Hermance model) 

= Mass concentration of C 
= Specific heat of the solid propellant 
= Specific heat of the propellant vapors 

= Constant in the equation for the oxidizer 
ignition delay (PEM) 

= Mass of reduced oxidizer vapors produced by 
surface and gas phase reactions (Hermance 
model ) 

= Diameter of oxidizer particles (Hermance 
model) 

= Characteristic diameter of decomposing 
oxidizer particle 

= Diameter of oxidizer particle before 
combustion (Hermance model BDP and PEM) 

= Mean intersection diameter of an oxidizer 
particle with the fuel plane (PEM) 

= Binary diffusion coefficient for vapors 
- D at reference conditions (BDP model) 

= Typical dimension of a vapor pocket (GDF 
model) 

= Characteristic diffusion dimension (BDP 
model) 

= Distance of the fuel regression (PEM) 

= Distance of the oxidizer regression (PEM) 

= Activation energy for chemical reactions 
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E f , E sr , E 


= E for fuel pyrolysis, surface reaction, and 
gas phase reaction, respectively (Hermance 
model) 

= Half the activation energy of the oxidizer 
decomposition in the Hermance model, acti- 
vation energy for oxidizer pyrolysis in the 
PEM 

= E for the primary flame (PEM) 

= Oxidizer particle size distribution func- 
tion for particles in mode j (PEM) 

= Endothermic heat of pyrolysis (Hermance 
model) 

= Distance oxidizer crystal protrudes above, 
or is recessed below, the mean propellant 
surface (BDP) 

= Oxidizer ignition delay parameter 
(Hermance) 

= AP flame rate constant 
= Primary flame rate constant 
= Thermal conductivity of combustion 
gases 

= Rate constant, A exp (-E/RT), in BDP model 
= Mass flow rates from fuel pyrolysis and 
oxidizer decomposition (Hermance model) 

= Rate constants associated with surface 
reactions (Hermance model) 

= Molecular weight of combustion gases and C, 
respectively (Hermance model) 

= Mass flow rate and mass flux associated 
with propellant component as designated by 
subscript, respectively (Hermance model) 

= The number of distribution modes of oxidi- 
zer species k (PEM) 

= Diameter exponent in particle ignition term 
(Hermance) 

= Mass flux associated with propellant 
components (BDP) 

= Total mass flux from propellant 
= Mass flux from an oxidizer fuel pair in 
propellant (PEM) 

= Mass flux from propellant (GDF); same as 
mrj, in BDP 
= Mass flux 

from the fuel surface 
= Mass flux 

from the oxidizer surface 
= Total mass flux from propellant burning 
surface in PEM; same as m^ in BDP 
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m t 


m 


d,k 


m d,k 

m p,d,k 

m ° ,k , j 
dm o,d,k 

dm 0,d,k,j 


N 

n 

n 


AN 


p,d,k 


dN 


o ,d 


dN 


p,d,k 


P 



Q 


Q f’ Q fuel 

Qf 

Ql 


Average mass flux per unit planar burning 
surface area (PEM) 

Mass flux as any point on the burning 
surface (PEM) 

Mass flux per unit burning surface area 
from the subarea containing oxidizer 
particles of size between Dq and Dq + dDQ 
and oxidizer species k (PEM) 

Average of 

Average mass flux per unit planar surface 
area from a subsurface containing oxidizer 
crystals of size between Dq and Dq + dDQ 
and oxidizer species k (PEM) 

Total mass of oxidizer in mode j and oxidi- 
zer species k (PEM) 

The elemental mass of oxidizer with diameter 
between Dq and Dq + dDQ and oxidizer spe- 
cies k (PEM) 

The elemental mass of oxidizer with diameter 
between Dq and Dq + dDQ in distribution 
mode j and ozidizer species k (PEM) 

Total number of particles at the burning 
surface (PEM) 

Pressure exponent in the burning rate law 
Pressure exponent in the particle ignition 
term (Hermance) 

Number of particles at the burning surface 
of size between Dq and Dq = dDQ and 
species k, per unit of planar burning sur- 
face area (PEM) 

Number of oxidizer crystals per unit volume 
with diameters between Dq and Dq + dDQ 
(PEM) 

Number of particles at the burning surface 
of size between Dq and Dq + dDQ and species 
k per unit of planar burning surface area 
(PEM) 

Pressure 

Partial pressure of oxidant C (Hermance) 

Mass of inert products, or oxidized fuel 
vapors produced by gas phase reactions 
Heat release associated with combustion 
steps 

Heat of pyrolysis of fuel binder (BDP, PEM) 
Heat released in gas phase flame of 
propellant (Hermance) 

Heat of gasification of oxidizer (latent 
heat ) 
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Q 


gP 


Q 


sr 


Qr 

Qs 


Qsurf 



S 


O 



Gas phase heat release of oxidizer 
decomposition (Hermance) 

Heat released by surface reaction (Her- 
mance) 

Heat of combustion of propellant (GDF) 

Net heat release for gasification of 
propellant (GDF) 

Heat flux at the surface from primary flame 
(PEM) 

Universal gas constant 

Propellant linear burn (regression) rate 
Time-averaged propellant burn rate (PEM) 
Burning rate of pseudopropellant (PEM) 
Surface area 

Burning surface area (PEM) 

Surface area of pyrolysis fuel (Hermance, 
PEM) 

Total planar, cross-sectional area of burn- 
ing surface of propellant 

Oxidizer surface area (planar in Hermance) 
Surface area available for surface reaction 
(Hermance) 

Planar fuel surface area 
Planar oxidizer surface area 
Planar total burning surface area 


e 9c 

b o ,d,k 

c * 

S p,f ,k 


^b.d.k 

ASp.d.k 


T 



The exposed surface area of oxidizer in a 
pseudopropellant with oxidizer particles of 
size between Dq and Dq + dDg and oxidizer 
species k 

Planar surface area of a pseudopropellant 
containing oxidizer particles of size be- 
tween Dq and Dq + dDQ and oxidizer species 
k 

Number of oxidizer types (PEM) 

Burning surface area of a pseudopropellant 
containing oxidizer particles of size be- 
tween Dq and Dq + dDQ and oxidizer species 
k 

Planar surface area of a pseudopropellant 
containing oxidizer particles of size be- 
tween Dq and Dq + dDQ and oxidizer species 
k 

Temperature 

Adiabatic flame temperature of propellant 
Initial (conditioning) temperature of 
propellant 
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i FF 

t(x ap ) 


= Surface temperature 
= Adiabatic AP flame temperature 
= Adiabatic final flame temperature 
= Temperature at the location of the AP flame 
= Time 
= Burn time 

= Characteristic time of exposure of oxidizer 
crystal at propellant surface 
= Ignition delay time of oxidizer crystals 
= Diameter exponent in the equation for the 
oxidizer ignition delay 
= Linear burning rate constant of oxidizer 
crystal (Hermance) 

= Gas (vapor) velocity normal to the burning 
surface 

= Time-averaged v 

= Linear burning rate of an oxidizer crystal 
(Hermance) 

= Fluctuating velocity normal to the burning 
surface 

= Pressure exponent in the equation for the 
oxidizer ignition delay 
= Molecular weight (BDP) 

= Distance coordinates 

= Location of the AP flame heat release 
= Location of the final flame heat release 
= AP flame standoff distance 

= Final flame standoff distance 
= Primary flame diffusion distance 
= Primary flame kinetics distance 
= Effective heat transfer distance (BDP) 

= x */ A fh 

= Pre-exponential factor of gas reaction rate 
(Hermance) 

= Oxidizer mass (weight) fraction 
= A constant in Hermance model 
= Species concentration term in the diffusion 
flame analysis (PEM) 

= Fraction of reactants involved in the 
primary diffusion flame (BDP) 

= Reaction order (BDP) 

= Pressure exponent oxidizer burn rate 
(Hermance) 

= Distance between the inner and outer 

annulus of the "Bunsen Burner" configuration 
= Volume fraction of oxidizer in propellant 
= Volume fraction of pseudopropellant 

containing oxidizer particles of size be- 
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<^d 

A 

X P’ X g 

n’ 

n d,k 


s, 5* 

E* 
S T 

a 

a* 


5 

r & r * 

^AP 9 ^PF* 

V 

P 

T 


£ 


tween Dq and Dq + 4Dq and species k 
Volume fraction of oxidizer particles with 
diameter between Dq and Dq + dDp 
Coefficient of thermal conductivity 
X for (solid) propellant and gas, 
respectively 

Stoichiometry-related coefficent (BDP) 
Fraction of particles in the propellant 
with diameter between Dq and Dq + dDQ and 
oxidizer species k 

Nondimens ional flame standoff distance 
(PEM, BDP) 

Nondimens ional length (Hermance) 

5 for AP flame, primary flame and final 
flame, respectively (PEM) 
Stoichiometry-related variable (PEM) 

Density 

Characteristic time (e.g., for oxidizer 
particle in PEM) 

Fraction of oxidizer having particle size 
spread Dq (Hermance) 

Standard deviation of oxidizer particle 
size in the log normal distribution (PEM) 
Dimensionless temperature or the activation 
temperature parameter = (RT/E) 

Depth of fissure surrounding oxidizer 
crystals (Hermance) 


Introduction 

Composite propellants, in their simplest form, consist 
of a dispersion of particulate oxidizers within a matrix of 
the fuel. Even if all the particles were the same size and 
shape (e.g., spherical) and even if the dispersion of the 
oxidizer in the fuel was uniform, the combustion of the 
propellant would involve a multitude of subprocesses. Thus 
any attempt at understanding their combustion behavior must 
identify the key processers that control the burning. Some 
of these are heating of the condensed phase, degradation 
(decomposition) of the oxidizer and the fuel, possible 
melting, vaporization, mixing in the vapor phase, and gas- 
phase combustion. In a practical propellant, the oxidizer 
particles are not all the same size or shape. In fact, it 
is an easy exercise in solid geometry to see that multimo- 
dal particles are indeed necessary to achieve the solids 
loading that make sense energetically. In addition, a 
practical propellant consists of many additives that serve 
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Table 1 Typical state-of-the-art propellant 
(note that the actual numbers seemingly exceed a 100% by weight) 


Ingredient 

Propellant 

Lot No. 

EB-248 

Percent 

Weight ,g 

But are z HT 

4760 

4.1452 

658.050 

R45M 


7.6395 

1212.771 

Alrosperse 


0.2180 

34.6075 

Iso Stearyl Alcohol 


0.5473 

86.8839 

AO-2246 


0.1400 

22.2250 

IPDI 


1.3100 

207.963 

MT-4 


0.200 

31.7500 

A1 1230 


18.00 

2857.50 

AP, unground 5272 


47.60 

7556.50 

AP , grind 8 

Total : 

20.40 

100.200 

3238.50 


various important functions. Examples are plasticizers, 
cure catalysts, burning-rate catalysts, bonding agents for 
improved mechanical properties, and antiaging chemicals to 
assure long life. At the combustion conferences, papers 
describing special ingredients to achieve special effects 
are a routine feature. A typical simple (metallized) pro- 
pellant has the composition shown in Table 1. 

From the time of the first formulation of a composite 
propellant at the Jet Propulsion Laboratory in the 1940's 
(using potassium perchlorate and asphalt), burning-rate 


tailoring, if not prediction, appears to have been under- 
standably a "black art" until a major step was taken by 
Summerfield and co-workers^ ^ to actually model the very 
complex combustion processes in these very nonhomogeneous 
materials. It may be easy to fault that study, called the 
granular diffusion flame (GDF) model, for its various 
shortcomings, but it would be unfair to forget that practi- 
cally all of the more modern models^""^ that claim improved 
predictions owe their origins, at least in principle, to 
the GDF model. A study of the GDF model enables one to 
understand the manner in which future complex problems may 
be handled: perhaps an entirely new form of propellant 
formulation involving not just chemical variations on in- 
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gredients. Basically all modeling efforts attempt to iso- 
late the signal from the noise, and the GDF model is a 
classic example of how one sets about this task when few 
previous studies are available. Inasmuch as this book is 
meant as a textbook, too, it is instructive to devote some 
space to the GDF model. 

All models attempt to explain experimentally observed 
facts (and predict trends), so long as the experimental 
results are themselves reproducible and show some orderly 
trends. With this basic premise, some of the mainstream of 
experimental data pertaining to the time-independent com- 
bustion of nonmetal lized AP/composite propellants in the 
absence of cross flow are discussed in the course of the 
presentation. The combustion characteristics of AP as a 
monopropellant are presented. The most comprehensive at- 
tempt at understanding AP combustion behavior appears to be 
that of Guirao and Williams, and this model is discussed in 
the subsequent section. The low-pressure extinction limit 
of single crystals of AP at approximately 215 psia at 25°C 
initial crystal temperature, the burning-rate pressure 
index value of approximately 0.77, and the initial tempera- 
ture sensitivity are the principal experimental features 
addressed by the model. The introduction of a liquid layer 
on the surface of a deflagrating AP crystal is the central 
aspect of this model. The exothermic reactions in this 
liquid layer sustain the deflagration. The disappearance 
of this liquid layer at the low pressure (<215 psia) re- 
sults in the low-pressure extinction limit observed experi- 
mentally. The detailed reaction schemes used by Guirao and 
Williams are presented and some comments are made on the 
rate calculations they made. 

Considering that composite propellants, by definition, 
consist of a heterogeneous dispersion of oxidizer particles 
in a fuel matrix, it may be tempting to model the propel- 
lant as oxidizers surrounded by a rubbery, continuous mat- 
rix and to analyze the evolution of vapors from such a ’’two 
source” system. A second look at the propellant in a 
quantitative manner, however, would indicate that such 
descriptions (of oxidizer vapors in an anulus of fuel 
vapors) may not be necessary. Typical composite propel- 
lants, even of the nonmetal lized variety, consist of 80-85% 
solids (oxidizer). It is easily seen (Fig. lb) that such 

loadings invariably imply that the evolution of vapors is 
largely dominated by the AP. This is not to say that the 
binder is unimportant. Even in its small proportion, the 
binder has been known to profoundly influence the time- 
independent^ and the oscillatory^ combustion. The author 
feels that, for the purposes of modeling, the descriptions 
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Fig. la Highly popular "picture" invoked of the "typical" AP/com- 
posite propellant for purposes of combustion modeling. The 
binder and AP are treated in detail. 



Fig. lb More realistic representation recognizing the state-of- 
the-art loadings of 80-90% AP. It is seen that the binder 
geometry ought to be quite insignificant compared to that of AP. 
Nonmonoraodal particles are needed to get 80% solids. 



Fig. lc SEM picture (1000X) of a typical nonmetal lized (CIT-2) 
propellant (see Fig. 10). 


of vapors from AP surrounded by a corridor of vapors from 
the fuel (binder) do not appear to be consistent with the 
state-of-the-art oxidizer loading. 

The combustion of composite propellants is charac- 
terized as time dependent when oscillations, chuffing, and 
ignition/extinction phonomena are seen. Even under "steady 
combustion" conditions the processes are not really steady 
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Fig. Id Chuff (intermittent) (1) 
oscillatory (2) ; "steady" combus- 
tion of propellants (3) . 


in the sense of total absence of fluctuations. (These 
fluctuations are not to be confused with the molecular 
fluctuations which, averaged over many thousand events, 
lead to the continuum concept.) Fluctuations arise because 
of the nonidentical events originating from the heteroge- 
neity and the nonidentical nature of the heterogeneity. 
Typical pressure-time traces are shown in Fig. Id for a 
nonmeta 1 1 i zed monomodal AP/PBAN propellant. While the 
trace Fig. 1 d ( 3 ) is unmistakably the steady combustion 
case, contrasted with the other traces in Fig. Id, fluctua- 
tions are clearly seen. For these reasons, many investiga- 
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tors prefer the description "time independent" to "steady 
state. " 

The following sections contain a description each of 
the Guirao-Wil liams model ^ for AP deflagration, the GDF*’^ 
model for AP/composi tes , the Hermance model^, the BDP 
model** and the petite ensemble' model (PEM). Repeated 
attempts by the author to learn of the more recent studies 
by our colleagues in the USSR resulted in a communication 
(dated April 13, 1983) referring us to 53, 54, and 55. The 
interested reader is also referred to the earlier summaries 
by Bakhman and Balyaev 1 ** (which is a book) and Novikov et 
al.^ In addition, it should also be mentioned that solid- 
propellant combustion has been discussed in the books by 
Williams et al.,^ Barrere et al.,^ and Penner.^ The 
material has also been the subject of a review by 
Kishore. ^ 

Incidentally, the selection of these descriptions is 
based upon what is felt to be major steps toward a sound 
model. Several other attempts are also mentioned in one 
section. 

The reader may find it useful at this stage to brief- 
ly review the material (at least the figures and tables) in 
Chap. 1. 


The Guirao-Wil liams Model for AP Combustion 


Since AP concentrations in propellants range upward of 
70% by weight, and since it is the main "energy ingre- 
dient," it is natural to study the AP combustion in some 
detail as a prelude to the consideration of propellant 
combustion. Ammonium perchlorate, as a salt crystal and as 
a chemical, has been extensively studied. 16-20 Specifical- 
ly, graphic studies of its behavior in degradation and 
combustion appear to have begun at the Naval Weapons Cen- 
ter. 21 

High-quality color motion pictures of AP deflagration 
at several pressures were obtained at the Naval Weapons 
Center. Surface irregularities (departures from a planar 
surface) were visible. Quenched samples of deflagrating AP 
were examined under a scanning electron microscope. It was 
inferred from these pictures that a layer of molten ma- 
terial existed on the deflagrating surface. The thickness 
was estimated to be between 2y and 5 y in the pressure range 
of 20-50 atm. In the range of 50-150 atm, the surface was 
observed to be covered with ridges and valleys, with in- 
creased activity at the bottoms of the valleys. At pres- 
sures in the range of 150-170 atm, the surface appeared to 
consist of closely packed "needles." Those needles were 
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Table 2 Chain reaction mechanism 


HC10 4 + NH 3 -* C10 3 + NH 2 + H 2 0 , 

AH = 31.5 kcal/mole (1) 
C10 3 + CIO + O 2 , AH = -12.8 kcal/mole (2) 

NH 3 + CIO -> NH 2 + C10H, AH = 5.1 kcal/mole (3) 

NH 2 +02-^ HNO + OH, AH= -6.2 kcal/mole (4) 

HCIO 4 + HNO CIO 3 + NO + H 2 0 , 

AH = -11.79 kcal/mole (5) 
C10H + OH CIO + H 2 0 , AH = -21.6 kcal/mole (6) 

CIO + CIO + 2C1 + 0^, AH = 9.72 kcal/mole (7) 

Cl + C10H -> HC1 + CIO, AH = -4.8 kcal/mole (8) 


Cl + Cl + M CI 2 + M, AH = -58.0 kcal/mole (9) 
CIO 4- OH + HC1 + O 2 , AH = -55.7 kcal/mole (10) 


typically 100 y in length. The basic suggestions were also 
made that the energy needed to sustain deflagration came 
variously from exothermic reactions in the condensed phase 
and heat feedback from the vapor phase in different propor- 
tions in different regimes of pressure. 

Guirao and Williams systematically analyzed the liquid 
layer on the surface and a scheme of chemical reactions 
believed to be important in describing the transformation 
of AP to various products. In addition to the reaction 
pattern (or the chain steps), they also inferred the key 
rates and the overall activation energy for the gas-phase 
reaction. A principal feature of their model is the intro- 
duction of a fraction (G) of the AP that reacts in the gas 
phase and a fraction ( 1 — G ) that forms final reaction pro- 
ducts instantaneously at the surface (interface between the 
vapor phase and the condensed phase). G, incidentally, is 
the only adjustable parameter in the system. A value of 
0.3 was chosen to fit the experimental deflagration rate 
curve. It is important to realize that after an examina- 
tion of various theoretical and experimental data, ten 
equations (Table 2) are used to represent the kinetic 
mechanism for the gas-phase reaction. Products that have 
been positively identified experimentally in the reaction 
of AP are shown underscored. 

Although a detailed mechanism was proposed, the actual 
values of activation energies and pre-exponential factors 
were not available for all steps. This deficiency forced 
the authors to resort to reasonable (but nevertheless un- 
proven) approximations of zero activation energy E for exo- 
thermic chain-carrying steps and E =AH for endothermic 
chain-carrying steps; B was calculated from collision reac- 
tion rate theory with steric factors of unity and collision 
diameters of 4, 3.5, 4, and 10 A respectively, for CIO 3 , 
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CIO, HHO , and HClO^. It should be remembered that the 
ultimate aim of this work is the prediction of the time- 
independent one-dimensional deflagration rate of the AP. 
To this end, an overall activation energy and an overall 
pre-exponential factor would suffice* In order to arrive 

at these values of B and E, kinetic calculations for iso- 
thermal isobaric systems were performed to represent the 
vapor phase. Typical results are shown in Fig. 2 here. 

It is seen from the steep gradients that there exists 
a sharp boundary between high and low concentrations of 
reactants. The effective reaction time is thus defined 
without much ambiguity. These concentration profiles com- 
puted by Guirao and Williams can actually be helpful in 



Fig. 2 Species concentration profiles for the gas-phase reaction 
of A P decomposition. 
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Fig, 3 Arrhenius plot for the overall rate of the main reaction 
for AP decomposition. 


research involving modern concepts of free radicals genera- 
tion, injection, and control. 

The overall kinetic equation, 

^ [HC10 4 ] = -k [HC10 4 ][NH 3 ] 


is shown in Fig. 3. It is seen that, over the pressure 
range of 20-50 atm, there is very little variation. 

Assuming an equilibrium dissociative sublimation at 
the surface of AP and using the earlier analysis of Johnson 
and Nachbar^, upper and lower bounds,^ were found for the 
eigenvalues A + and A", and the mean eigenvalue is A and is 
defined by ^ = (A + )*' ^ + (A"”)*' it was f 0UTU i i n this 
study that the flame temperature is only a weak function of 
the surface temperature, which is itself a fairly strong 
function of the pressure. This indicates the existence of 
near equilibrium in the vapor-phase reactions at least in 


j. o 

'The eigenvalue A is the nondimensional burning rate where A ^l/m . 
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i GAS-PHASE PEACTIGN 



0 20 40 60 80 100 

p (atm) 


Fig. 4 Dependence of AP flame thickness and mean free path on 
pressure, from Ref. 13. 



Fig. 5 Dependence of condensed-phase reaction zone thickness and 
liquid layer thickness on pressure for AP decomposition (Ref. 13). 
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Fig. 6 Pressure dependence of AP deflagration rate. 


the pressure range of 20-100 atm. The low-pressure deflag- 
ration limit occurred when the surface temperature fell 
just below the melting point of AP ( 560 C). The vapor 
phase was analyzed in some more detail and it was shown 
that the flame thickness, while very small (M y), was 
still quite large compared to the mean free path. This 
lends credence to the continuum analyses (Fig. 4). The 
calculated condensed-phase reaction zone thickness and the 
liquid layer thickness on the surface are shown in Fig. 5. 

A useful table of AP properties is presented in Table 
3 for any future studies. A compilation of AP deflagration 
rate data is presented in Fig. 6. 

Some points are worth mentioning here. The model of 
Guirao and Williams addresses specifically the single crys- 
tal combustion behavior of AP. The initial temperature 
sensitivity of single crystal AP deflagration is shown in 
Fig. 7 (from Boggs and Zurn). This initial temperature 
sensitivity appears to be a simple energy consequence and 
probably not related to any details of chemistry, as shown 
in Ref. 23. 

Now, we are in a position to consider the more complex 
case of actual composite propellant combustion. Before 



426 


K. N. R. RAMOHALLI 


Table 3 Table of physical constants 5 


Isobaric specific heat of AP 
orthorhombic phase ctt^ 
Isobaric specific heat of AP 
cubic phase ciT 2 
Isobaric specific heat of AP 
liquid phase c^ 

Mean isobaric specific heat 
of gaseous mixture c g 
Heat of phase transition Ah^ 
Heat of fusion Ah m 
Heat of vaporization 
Heat absorbed by gas-phase 
reactions Ah g 
Melting point temperature 

T m 

Transition temperature T tr 
Effective liquid temperature 
at x = - oo, T TO 
Dissociation pressure of AP 


Molecular weight of AP Wtt 
O rthorhomic phase density 


Liquid phase density 
Thermal conductivity of the 
gaseous mixture T^ a 
Thermal conductivity of the 
liquid phase T]_ 

Total hemispherical emissiv- 
ity of the condensed-phase 
surface £3 

Adiabatic flame temperature 
Mean molecular weight of 
gaseous products W 


0.309 cal/g-°K 
0.365 cal/g-°K 
0.328 cal/g-°K 
0.3 cal/g-°K 

2.5 kcal/mole 
7 kcal/mole 

58 ± 2 kcal/mole 
-772 cal/g 

560 ± 20°C 

240°C 

0°K 

log 10 p (i (Torr) = 10.56 + 
6238. 7/T 8 

117.5 g/mole 
1.95 g/cm 3 

1.71 g/cm 

10 “ 4 cal/cm-sec- K 


9 X 10 ” 4 cal/cm-sec-°K 
1 

1205°K 
28 . 4 g/mole 


a From Guirao & Williams. 


considering that aspect, it would be useful to remind our- 
selves that the binder (matrix) physics and chemistry, 
especially as related to combustion, have been studied in 
great detail over the years. Polymer degradation in va- 
cuum, inert, and active (oxidative) atmospheres have been 
studied at various temperatures and heating rates. While 
the utility of that data to composite propellant combustion 
has frequently been questioned on grounds of relevant re- 
gimes of heating rates, mixing with oxidizers and disper- 
sion, the relevance seems to be in little doubt. Also, 
since pure polymers are easier substances to analyze (homo- 
geneous), theories have been developed^ ,z ^ to predict the 
regression rate as a function of surface temperature and 
the condensed-phase details. In addition, the topic of 
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Pressur«,psi 

Fig. 7 Linear regression rate of self-deflagration flame-heated 
AP, and predictions from Ref. 23. 


polymer combustion is of great importance to various fields 
and is being studied extensively (see, for example, Ref. 
26). Data on fire-safety aspects of polymer combustion are 
discussed in Ref. 47. The data on polymer combustion 
appear to be empirical. Nevertheless, the data on such 
quantities as activation energy, pre-exponential factors, 
and melting points should be of some help in understanding 
propellant combustion behavior. In this connection, the 
reader may find it useful to consult Madorsky's monograph^ 
for basic details of the degradation of polymers. 

The Granular Diffusion Flame Model 

Based on enlarged pictures of the burning zone of 
simple (AP/ polystyrene) composite propellants, Summerfield 
and co-workers* set out to theoretically predict the ef- 
fects of pressure, oxidizer particle size, and fuel-oxidi- 
zer ratio upon the mean burning rate. The pictures clearly 
indicated inescapable heterogeneity both near the surface 
and in the vapor phase. Instead of the popular procedures 
of attempting to "average” the heterogeneity in the vapor 
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phase, the investigators considered the heterogeneity as a 
principal feature. Herein lies the remarkable advance made 
in our understanding of composite propellant combustion. 

Photographic evidence obtained with quenched samples, 
Schlieren and silhouette techniques revealed that the sur- 
face of the propellant during combustion was unmolten, or 
at least free of large thickness melt layers; the vapor 
zone was nonturbulent at least in key heat-transfer region 
up to 1 mm from the surface. [In contrast to these photo- 
graphs, potassium perchlorate propellants clearly indicate 
deep melting (through bubbles) on the surface during com- 
bustion.] It is now important to locate the actual vapor- 
phase zone of action or the "flame." While the luminosity 
may be high far away from the surface, nearly adiabatic 
flame temperatures were measured within a distance of only 
50 jj . from the surface. Such temperature measurements were 
made with the sodium-D line reversal technique. In addi- 
tion, fine bead (12jj) thermocouples imbedded in the propel- 
lants indicated, upon emerging into the vapor phase, that 
the gaseous reaction zone is less than 100 U from the 
surface at pressures above 200 psi (16+ atm). Based on all 
of these experimental evidences, the bases of the theoreti- 
cal work is established as 1) the AP propellant surface is 
"practically dr/* (at least with polystyrene type binders); 
2) the gaseous reaction zone is nonturbulent; and 3) most 
of the heat release in the gaseous zone occurs at very 
small distances (ol00 jj) from the surface. 

Fuel and oxidizer vapors were believed to be released 
in the form of pockets of a certain mass content, and these 
pockets proceeded to burn in the surrounding medium of 
complementary reactants. The heterogeneity represented by 
the pocket size was implicitly taken as related to the 
condensed-phase heterogeneity — namely, the oxidizer par- 
ticle size. The vapor-phase pockets were gradually con- 
sumed through mixing, diffusion, and reaction. Heat was 
released at a corresponding rate. The heat generated was 
transferred to the surface (and subsurface) mainly through 
conduction. Radiation was ignored. Flow, or mass evolu- 
tion, was considered only in the direction normal to the 
burning surface. It is clearly mentioned that the flat 
surface is an approximation only. Incidentally, the flat 
surface is as (un)real istic as the "flame sheet"; in an- 
alyses, the former is as useful as the latter. 

The condensed-phase analysis is based upon the one- 
dimensional heat conduction equation involving moving ma- 
terial to keep the surface stationary: 

“ c s < T s " T 0> “ X gs 6nr) + m (Q r - Q s ) = m Q r (1) 
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The burning rate of the solid, purely from the con- 
densed-phase considerations, can be expressed as 


r i = B i exp(-E/RT ig ) 


( 2 ) 


where the subscript i can refer to fuel or oxidizer. Ex- 
periments have indicated that, at least for pure compo- 
nents, such an Arrhenius representation may be valid. 

Up to this point the development is straightforward. 
Now the concept of a flame thickness or reaction distance 
(or flame standoff distance) L is implicitly introduced 
through the vapor-phase energy equation with averaged pro- 
perties and a suitably defined average final temperature. 
The averaging used here should not be regarded as inconsis- 
tent with the general approach, which considered the gas- 
phase heterogeneity in the pockets. The averaging used 
here is used only on the property values while retaining 
the physical heterogeneity through the diffusion: 


” t c s < T s - V - Q] = A gs [< T f - V/M (3) 


Some order-of-magnitude estimates may be helpful in 
recognizing the role of diffusion in the vapor phase. Let 
us loosely define a flame standoff distance L as that dis- 
tance above the surface where the adiabatic flame tempera- 
ture is attained. Using a typical value of the effective 
heat of vaporization for the propellant as 200 cal/g, at 
equilibrium the conduction heat flux from the combustion 
zone to the surface is A A T/L, which is equated to 
rp.200. If the density of the propellant (p) is 2 g/cm , 
and the AT is 2000 C, the L is seen to have values of 10 u 
at r = 1 cm/ s and 100 y at r = 0.1 cm/s. Such burning 
rates may be taken to correspond approximately to 100 and 1 
atm pressure respectively. It is also seen that the charac- 


teristic time scale ( T^) in the vapor phase is given by the 
ratio of the flame standoff distance (L) to the mean flow 
velocity of the vapors; thus ^ 2x10""^ s at 200 atm and 
at 1 atm. The numbers are close mainly because of the 
direct dependence of the vapor density on the mean pres- 
sure. 


As it travels through the vapor, a "pocket” diffuses 
laterally by a distance of the order of ( £ Tf )l , where D 9 
the laminar diffusivity, is inversely proportional to the 
mean pressure and, at a mean temperature of 2000 K, has 
values of the order of 5 cm^/s at 1 atm and 0.05 cm^/s at 
100 atm. Hence the lateral diffusion distance will be 10 y 
at 100 atm and 100 y at 1 atm. If the "pocket” dimension 
is of the order of the condensed-phase heterogeneity (par- 
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Next Page 


tide size), as it would seem logical, it is apparent that 
diffusional transport must be extremely important at high 
pressures, since the diffusional distance is of the same 
order as the pocket (particle) size for typical (100-150 y ) 
AP particle sizes. At the lower pressures (1 atm), the 
diffusion is sufficiently fast to give essentially pre- 
mixing over the required 100-jJ distance. Thus chemical 
kinetic rates should control the overall rate of the lower 
pressures. Thus different pressure regimes need different 
treatments to arrive at this important parameter L. 

Low Pressures . The "premixed" flame is governed by a 
single second-order reaction, with e being the product 
concentration. Thus 

L f S 7T 17 dt = “ /p b (1 " e)2 p g A exp ( ff ) (4) 

g av & g 



Fig. 8 Comparison of Sutherland's burning rate data with Summer- 
field's theory. (Theoretical equation appears as straight line 
on this type of plot.) 
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Chapter 9 


Combustion of Metalized Propellants 


E. W. Price* 

Georgia Institute of Technology , Atlanta, Georgia 


Abstract 

Metal powders are of interest as fuel ingredients 
because of their high density and high heat of reaction. 
However, their combustion behavior is quite varied and 
unlike the other more volatile ingredients of propellants. 
This combustion behavior typically consists of an 
accumulation of the metal on the burning surface, leading to 
formation of aggregates that coalesce into relatively large, 
slow burning agglomerates that burn after leaving the 
burning surface. Details are highly dependent on the metal, 
propellant formulation, ingredient particle size 
distributions, and flow conditions in the combustion 
environment. In turn, the detailed behavior determines the 
effect of the metal on the propellant burning rate, 
combustion stability and combustion efficiency. The details 
are described for the most commonly used metal — aluminum. 


I. Metals as Fuel Ingredients in Propellants 

Metals are used in solid propellants for a variety of 
reasons, but primarily to increase motor specific impulse 
and propellant density. Some metals react with very high 
flame temperatures, the primary cause of the increased 
specific impulse and primary reason for their use in 
propellants. However, the metals burn in a very different 
manner than other propellant ingredients, and sometimes in 
the process they modify the burning characteristics of the 
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propellant. The particular effects depend on the metal 
used and the nature of the propellant. 

Metals that have been used or considered include 
aluminum, magnesium, boron, zirconium, and beryllium. In 
most cases, a powdered form is appropriate and is 
incorporated in the composite propellant in the same way as 
other granular ingredients (randomly mixed) . Particle sizes 
in the range of 5-200 jum are used, with the range 10-40 jum 
being most common. Of the metals noted above, only aluminum 
has been used extensively and is used in mass fractions of 
12-22%. Occasionally, low concentrations of aluminum are 
used to suppress oscillatory combustion. Metals have also 
been used in wire, foil, and screen forms as means of 
controlling the burning rate or mechanically reinforcing the 
charge, but such use is so limited it will not be reviewed 
here. 


The unique combustion behavior of metals is due in 
large measure to the physical properties of the metals and 
their oxides. Most do not vaporize at the temperatures of 
propellant burning surfaces, and hence can reside on the 
burning surface for a time after emerging there. Even afcer 
leaving the burning surface, the metal particles may burn 
relatively slowly because of low volatility. Given this 
property, it should be no surprise that metal particles tend 
to accumulate on the burning surface and then burn in the 
combustor cavity where the other ingredients have already 
reacted to the equilibrium gaseous products. The slowness 
of some metals to burn is aggravated by their resistance to 
ignition, due to the formation of protective oxide "skins" 
on the particles. In the case of aluminum, combustion is 
prolonged even more by the coalescence of large numbers of 
particles into large "agglomerates" on the propellant 
burning surface. Such large droplets (typically 50-200 jum) 
require a time of 10-100 ms to complete burning. Combustion 
of the metal does not usually contribute much to the burning 
rate of the propellant itself, because most of the heat 
release occurs far from the propellant surface. However, as 
with most generalizations about metal behavior, this one is 
violated by some propellant compositions (e.g., in oxidation 
of the metal accumulation on the burning surface by 
fluorine-containing oxidizers). 

Metals (particularly aluminum) have been used routinely 
in many service propellants and pose no serious problems in 
those applications. Some accomodation must be made in motor 
design to tolerate the high heat transfer associated with 
high flame temperature and condensed phase reaction 
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products. A significant deficit in thrust results from the 
two-phase flow losses in the nozzle, causing a smoky exhaust 
plume. What we have come to expect of the metal fuel is 
based on the performance in successful applications which 
have used 12-22% aluminum. The full potential of metal fuels 
is difficult to approach in many situations and performance 
deficits are difficult to predict because of the complex 
combustion behavior. Some of the problem areas are 
suggested by the following: 

1) The optimum content of metals based on 
thermochemical equilibrium calculations is substantially 
higher than the contents used in practice, but the ideal 
performance is not approached with the high-aluminum-content 
propellants because of low combustion efficiency and the 
two-phase flow loss in the nozzle. 

2) The high energy of metalized propellants is 
particularly important in upper stage and space motors, but 
combustion efficiency tends to be particularly poor at the 
low pressures used in such motors. 

3) The details of the metal combustion and size 
distribution of the condensed phase products are important 
to combustor stability, but those details remain 
substantially undetermined, unpredictable, and unmeasurable 
to date. 

4) In some applications involving high accelerations 
and/or high metal content, the condensed phase material 
(metal and oxide) "puddles" and flows, with anomalous 
burning and heat-transfer effects and retention of the 
material in the motor after burnout. 

Problems such as those listed under items 1-4 above 
represent opportunities for fuller exploitation of the 
potential of metals as propellant ingredients and have been 
the basis for continuing research on metal combustion, in 
both idealized laboratory conditions and propellant 
experiments. In this chapter, the details of metal 
combustion will be discussed briefly and experimental 
observations of propellants summarized and interpreted. 

II. Metal and Oxide Properties 

In order to understand and anticipate metal behavior in 
propellant combustion, it is helpful to examine some 
critical properties such as the melting and boiling points 
of the metals, and how these temperatures compare with those 
at various locations in the propellant combustion zone. To 
illustrate, if a metal is molten at temperatures present on 
the burning surface of the propellant, a possibility exists 
that the particles will coalesce to form large droplets 
(which may have a long burning time). Alternately, if the 



482 


E. W. PRICE 


surface oxide skin has a high melting temperature, it may be 
difficult to ignite the particles. Some of the properties of 
importance are: 

1) The ratio of molar volume of solid oxide to 
constituent solid metal. Values less than one lead to 
surface oxide layers on particles that are permeable, while 
values greater than one tend to yield impermeable surface 
oxide skins that limit oxidation at temperatures present on 

1-4 ... 

the propellant burning surface. The degree of inhibition 
by the oxide skin is reported to be affected also by plastic 
flow behavior of the oxide and metal during surface 
oxidation. 

2) Ratio of coefficients of thermal expansion of the 
solid metal and oxide. Values greater than one lead to 
stressing of the oxide skin during heating. Positive values 
of the expansion of the metal during melting tend to fracture 

oxide skins . ^ 9 ^ 9 ^ 

3) Melting point of the metal. When the value is in 
the temperature range present on the burning surface of the 
propellant, particle coalescence becomes possible, see Table 
1. Concurrent fracture of the oxide skins and flow of the 
metal during coalescence usually results in an increased 

2 3 6 —8 

oxidation rate and possible ignition. 9 9 

4) Melting point of the oxide. Wherever this 
temperature is reached, the role of the oxide skin changes, 
giving rise to different effects with different metals, see 
Table 1. When t M q x > the melting oxide may dissolve in 

the molten metal (Zr), or alternately may retract from the 
surface (Al) ; if the oxide melting temperature is attained 
at the propellant burning surface, the oxide may cause the 

1 2 8—11 

particles to stick together there (B). 9 9 

5) Solubility of the molten oxide in the molten metal. 
With high solubility (Zr and Ti), burning may proceed by 
diffusion of the metal to the surface through an oxide 

layer. ^ With low solubility, high oxide surface tension and 
low inter facial surface tension between the oxide and the 
metal (Al), the oxide tends to accumulate on the surface, and 

2 4 5 7 

retract and expose the metal. 9 9 9 With low solubility 

and high interfacial surface tension, an oxide surface layer 

. . 12,13 

impedes reaction. 

6) Boiling point of the metal. When this temperature 
is approached, the oxide skin, if still present, is 
destroyed and burning initiates and proceeds by a flame 
envelope around the droplet, yielding vapor or a condensed 



Table 1 Physical properties of some candidate metals for solid-propellant fuels 


Metal 

Metal 

Oxide 

Metal 

Oxide 

Porosity 


melting 

melting ^ 

boiling 

boiling or 

of oxide 


temperature 

( V*° K 

temperature 

( W-° K 

temperature 

(t bm ) -° k 

at 1 atm 

dissociatiog 

temperature 

(T B0x )OK 
at 1 atm 

skin e 


Volatile metals 


K 

336 


1035 

1154 D 

0.45 

Mg 

923 

3080 

1385 

3533-3853 

0.81 

Nonvolatile 

metals , 

nonsoluble oxides 




A1 

933 

2320 

^2750 

3253 D 

1.45 

Be 

1557 

2830 

2757-3243 

4060-4533 

1.68 

Si 

1687 

1990 

2953-3514 

2503 


Nonvolatile 

metals , 

soluble oxides 




Ti 

1945 

2125 

3560 


1.73 

Zr 

2127 

2988 

4700 


1.45 

Nonvolatile 

metals, 

volatile oxides 




B 

2400 

728 

3940 

2133-2316 


W 

3680 

1750 

5273-5936 

1997 D 



Ratio of 

thermal 

expansion 

coeff. of 

metal^and 

oxide 1 

(A V A Ox> 


Expansion 
of metal 
ugon melting, 


> 1.0 6 


Physical consequences of tabulated properties: a Can 
lead to disruption or solution of oxide skin, with in- 
creasing reaction rate of particle adhesion. b Can lead 
to retraction or solution of oxide skin, much increased 
reaction rates. c Can lead to rupture, dispersal of ox- 
ide, onset of detached flame, high reaction rate, smoke 
formation, and high luminosity. ^Leads to complete re- 


moval of surface oxide, possibly vapor-phase product 
oxide. e Values < 1 correspond to porous oxide skin, 
slow but continued oxidation even at room temperatures, 
f Values > 1 mean that the oxide skin is stressed, and 
possibly cracked during temperature rise, exposing alu- 
minum. SSolid oxide skins are stressed during metal 
melting due to expansion. 
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"smoke" oxide (Mg, Al, possibly Be). In the case of 
magnesium the metal boiling temperature is low enough to 
assure ignition on or near the propellant burning surface. 

When the metal boiling point is very high (Ti, Zr, B, W) it 
may not be approached at all, in which case the droplet must 
burn primarily by a surface reaction with the oxide 
properties governing the mode of behavior as in item 5, such 
as, 

Al: oxide melt retracts, resulting in a flame envelope 
and oxide smoke. 

Ti and Zr: oxide dissolves, resulting in surface 
reaction and large oxide product particles. 

B: oxide may evaporate, resulting in surface reaction 
or flame envelope. 

W: oxide decomposes and the particle burns on the 
surface to lower oxide vapors. 

7) Boiling point of the oxide (or dissociation). When 
this temperature is approached, the droplet surface clears 
and combustion proceeds rapidly by the surface reaction or 
flame envelope. This is important in the case of boron and 
tungsten. Note that the boiling points are pressure 
dependent. 

The foregoing enumeration of typical effects of the 
physical properties of the metals and oxides illustrate the 
diversity of ignition and combustion behavior possible with 
the various metals at different droplet temperatures and 
dependence on thermophysical properties. The modes of 
behavior noted are verified experimentally, but are 
dependent on details of the oxidizing atmosphere (pressure, 

temperature, composition).^ ^ In a propellant combustion 
environment the environmental composition is complex and the 
composition and temperature are progressive (i.e., change 
with time during ignition and burning of the droplets) and it 
is not practical or currently possible to describe the 
complete range of combustion behavior for all metals. 
Because of the wide use of aluminum in propellants, the 
balance of this chapter will be concerned primarily with its 
behavior in controlled experiments and propellant 
combustion. 


III. Results of Controlled Experiments with Aluminum 

Motivated by observations of aluminum behavior in 
propellant studies, laboratory experiments have been 
developed to study such aspects of the behavior as 1) mode 
of, and conditions for, breakdown of the oxide skin, 
believed to be critical to coalescence of particles and to 
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Fig. 1 Aluminum particles typical of propellant ingredients. 


. . . 2,6-8,10,18,19 , 

ignition ; 2) nature and control of the 

6—8 18 20 

initial oxide skin 9 9 ; 3) coalescence of particles in 

powders, dependence on temperature, atmosphere, and powder 

characteristics 2 ’ 6 ’ 8 ’ 18 ’ 19 ; 4) single particle and fine 
wire combustion in controlled atmospheres (with ambient 
temperature and pressure atmospheres and in gas burner 

.9-11,13-17,21-26 . cn u ^ 

flames) 7 ; and 5) combustion m pressed 

powder mixtures (simpler than propellants, e.g., aluminum- 

. i x 2,17-19,27-30 

ammonium perchlorate mixtures). 7 7 

Experimental observations include microscopic studies 

of partially burned or heated samples, visual and 

photographic observation of the burning, spectroscopic 

observations of the flame, and collection and observation of 

the reaction products (i.e., oxides). 

Aluminum particles typical of propellant ingredients 

are shown in Fig. 1. When such particles are heated in a hot 

stage microscope, their response is only marginally visible 

until the aluminum melting point is reached. At that 

temperature, the thermal expansion is evident. When heating 

is continued in inert atmospheres, the oxide skin seems to 

have broken down enough so that the aluminum can drain out 

under the influence of surface tension. ^ 7 ^ 7 ^ 8,10,18,19 (g ee 
Fig. 2.) In an oxidizing atmosphere this behavior is impeded 
until a higher temperature is reached. The mechanisms are 
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Fig. 2 Drainage of aluminum from oxide "skins" above the metal 
melting point: a) on a sapphire surface, showing particles in 
various stages of drainage (optical microscope picture) (photo by K. 
Kraeutle, U. S. Naval Weapons Center); b) on a platinum wire, where 
the interfacial forces with platinum draw the metal out and leave 
collapsed oxide skins (scanning electron microscope picture). 


suggested by observations of particles rapidly heated by 
dropping them on a preheated plate (Fig. 3). Recovered 
particles show expansion crack patterns in the oxide, 

"healed up" by oxidation of emerging metal .^ 9 ^ 9 ^ Under 
other conditions, "warts" are formed on particles by 
expansion of molten aluminum through the oxide skin at local 
8 18 

sites * (Fig. 4). Modifications of the oxide skin are 
observed to change both this detailed behavior (Fig. 5) and 

26 18-20 

the propellant combustion behavior. 9 9 

When collections of contacting particles are heated in 
inert atmopheres, molten aluminum is observed to withdraw 
from the oxide skins and coalesce into larger "agglomerates" 
2 6— 8 18 19 

(Fig. 6). 9 99 In oxidizing atmospheres, the particles 

sinter together instead (Fig. 3) and agglomerate only 
moderately. When lightly packed powders are heated, similar 
behavior occurs; measurements of electrical conductivity 
show a transition from low conductivity to metallic 
conductivity in the vicinity of the metal melting point, 
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Fig. 3 Cooled particles that have been heated to 1400°C on a 
sapphire plate in an oxygen-containing atmosphere: a) cracked 

oxide shells evident; b) oxidation healing of cracks, including 
contact point between particles. (Photos by K. Kraeutle, U. S. 
Naval Weapons Center.) 



Fig* 4 Exudation of aluminum is sometimes localized, resulting in a 
wart-like protrusion, and collapse of the original oxide skin during 
the subsequent cooling in laboratory heating tests. 


indicating metal bridging between particles (Fig. 

The temperature for this transition is sharply dependent on 
the quality of the oxide skin on the particles (compare with 
curves in Fig. 7), indicating once more that the breakdown of 
the skin due to droplet expansion can be decisive in the 
occurrence of agglomeration# Because the temperatures 
involved in these experiments are typical of propellant 
surface temperatures, it is no surprise that the 
agglomeration of aluminum particles occurs during propellant 



Fig. 5 Comparison of tendency for aluminum to 
leak from the oxide skin during heating to 730°C 
in argon; a platinum wire surface was used to 
enhance effects. Valley Met H-30 aluminum a) as 
received; b) enhanced oxide skin; c) prestretched 
oxide skin cones indicate breakdown of the oxide 
and withdrawal of aluminum. (See Fig. 2.) 
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Fig. 6 Comparison of response of aluminum powder to heating (Alcoa 
123) : a) no heating; b) heated to 1300 K in argon. 
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Chapter 10 


Erosive Burning of Solid Propellants 


Mohan K. Razdan* and Kenneth K. Kuof 
The Pennsylvania State University, 
University Park, Pennsylvania 


Abstract 


Erosive burning usually refers to the increase in the 
propellant burning rate caused by high-velocity combustion 
gases flowing over the propellant surface. It may 
seriously affect the performance of solid-propellant rocket 
motors. This article reviews both theoretical and 
experimental studies of erosive burning. Theoretical 
models are classified into four major groups: 

1) phenomenological heat-transfer theories, 2) integral 
boundary-layer analysis, 3) modification of the propellant 
combustion mechanism, and 4) chemically reacting turbulent 
boundary-layer analysis. Experimental methods and observed 
effects of various physical parameters on erosive burning 
are discussed and reviewed. The erosive burning mechanism 
is believed to be caused by the increase in gas-to-solid 
heat feedback introduced by the increase in transport 
coefficients, and by the turbulence-enhanced mixing and 
reaction of the oxidizer- and fuel-rich gases pyrolyzed 
from composite propellants. Both theoretical and 
experimental studies are summarized in tabular form to 
facilitate comparison between various approaches. Areas of 
future studies are also recommended. 


Copyright ©American Institute of Aeronautics and Astronautics, 
Inc., 1983. All rights reserved. 

*Assistant Professor, Department of Mechanical Engineering 
(presently Staff Engineer at Exxon Research and Engineering Company, 
Clinton, N.J.). 

tProfessor, Department of Mechanical Engineering. 
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Nomenclature 

= pre-exponent in normal burning 
rate law, (m/s)/(MPa) n 
= cross-section flow area, m^ 

= empirical constants relating r 
to p in Eq. (44) 

= Arrhenius frequency factor in 
gaseous reactions, 
(m^) n ”^s“^-(kmole) ^- -n 
= Arrhenius frequency factor in 
propellant surface 
decomposition, m/s 
= damping constant in van Driest's 
hypothesis 

= correlation parameter in 
granular diffusion flame model 
= (p r-)/(pU)oo, nondimens ional 

mass blowing rate 
= constants in turbulence models 
= average heat capacity of reacting 
gases, kcal/kg'K 
= heat capacity of solid 
propellant, kcal/kg*K 
= average diameter of ammonium 
perchlorate particles, m 
= port diameter of rocket motor, m 
= diffusion coefficient in Fick's 
law, m^/s 

= damping coefficient defined in 
Eq. (30) 

= activation energies in gas-phase 
reaction and propellant surface 
decomposition, kcal/mole 
= Y 7 ^,, mean square of fuel mass 
fraction fluctuations 
= mass velocity of combustion gas, 
kg/m ^ *s 

= static enthalpy of gases, 
kcal/kg 

= stagnation enthalpy of gases, 
kcal/ kg 

- Gy/tf / r Q P s > nondimens ional erosive 

burning parameter 

= von K arman^s constant 

= u. T u!/2, turbulent kinetic 
11 7 9 9 

energy, m z /s^ 
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Ke ,Ke ' ,Ke",Ke'" 

— 

empirical constants for erosive 
burning correlation 

L 

= 

port length, m 

Le 

= 

Lewis number based upon 

molecular properties of gases 

L f 

= 

flame height, m 

Le t 

= 

turbulent Lewis number 


= 

mass burning rate, kg/m^*s 

M 

= 

Mach number or mass 

n 

= 

exponent in normal burning rate 
law or order of reaction 

P 

= 

pressure, Pa 

P Q 

= 

stagnation pressure, Pa 

Pr 


Prandtl number based upon 

molecular properties of gases 

Pr\ 

= 

Prandtl number for turbulent 

t 

• 


flow 

q w 

= 

gas-to-wall heat flux, kcal/ni # s 

Q£ 

• 

= 

heat of sublimation, kcal/kg 

= 

rate of heat generation in gas 

Q r 


phase, kcal/m «s 

Q 

s 

= 

heat of reaction at a reference 


temperature, T g , kcal/m 

Q 

= 

heat of vaporization, kcal/kg 

r 

= 

coordinate in radial direction, 

r. 

= 

m 

total burning rate of a solid 

b 


propellant, m/ s 

r 

= 

erosive burning rate component 

e 


of r^, m/s 

r 

= 

normal (nonerosive) burning rate 

0 


component of r^, m/s 

R 

= 

port radius ofa rocket motor, m 

Re 

= 

Reynolds number based on x 

X 


defined as PooU^x/y 

R h 

= 

roughness height, m 


= 

universal gas constant, 

N.m/kmole .K 

Sc 

= 

Schmidt number based upon 

molecular properties of gases 

Sc t 

= 

Schmidt number for turbulent 
flow 

St 

= 

Stanton number under blowing 
conditions 

St 

= 

Stanton number under no-blowing 

0 


conditions 

t 

= 

time, s 
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T 

T f 


T 

s 


u 

u 


* 


+ 

u 


U 


V 


V 

w 


w 

W 


X 

y 


Y k 

y± 

( ) 

( )' 

a, 3 


Y 

e 


b 

0 

A, A 

P 

A A’ X B 


= gas temperature, K 
= flame temperature, K 
= stagnation temperature, K 
= temperature within solid 
propellant, K 

= temperature at propellant 
surface, K 

= gas velocity in x direction, m/s 
= friction velocity defined as 
v^g/poo, m/s 

= nondimens ional friction velocity 
defined as u*/u 

= axial gas velocity outside 
boundary layer, m/ s 
= gas velocity in y or r 
direction, m/s 

= transpiration gas velocity at 
propellant surface, m/s 
= gas velocity in z direction, m/s 
= molecular weight of gases, 
kg/kmole 

= coordinate in axial direction, m 
= coordinate normal to propellant 
surface, m 

= vertical coordinate with its 
origin on propellant surface, 

y w = R-y> m 

= mass fraction of kth species 
- nondimens ional distance, y + = pu^y/y 
= time-averaged quantity in ( ) 

= fluctuating quantity in ( ) 

= constants in erosive burning 
rate equation 

= thermal diffusivity of gas, m z /s 
= ratio of constant-pressure to 
constant-volume specific heats 
= turbulent dissipation rate, 

m^/s^ 

= erosive burning augmentation 
ratio, £ b = r b /r Q 
= flow angle (see Fig. 3) 

= thermal conductivities of gases 
and propellant, kcal/m*s*K 
= thermal conductivities of gas 
with lumped-in area ratio term 
for each flame, kcal/m*s*K 
= thermal conductivity for 

turbulent flow, kcal/m*s*K 
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y 

y 


ef f 




(y/Pr) 

(y/sc) 


ef f 
ef f 


t 

P,P S 

T ’ T s 


<P 

a 

P 

Subscripts 

b 

c 

fu 

i 

k 


ox 

th 

00 


= gas viscosity, kg/m*s 
= effective viscosity, 

M e ff E V + kg/m* s 
= turbulent viscosity defined in 
Eq. (14), kg/m*s 
= (y/Pr) + (y t /Pr t ), kg/ m • s 
= (y/Sc) + (y t /Sc t ), kg/m *s 
= number of kmoles of the kth 
species 2 

= turbulent diffusivity, m /s . 

= densities of gas and propellant, 
kg/m 3 

= shear stress in gas phase and at 
propellant surface, N/m^ 

= angle of divergence of port 
radius 

= temperature sensitive, K - ^ 


= bulk flow conditions 
= centerline conditions 
= solid fuel in propellant 
= initial condition and indices 
for coordinate directions 
= species index representing fuel 
gas (F), oxidizer gas (0), and 
product gas (P) 

= solid oxidizer in propellant 
= threshold value 
= frees tream condition 


Introduction 

The burning mechanism of a solid propellant involves 
many chemical and physical processes, including change of 
phase, energy transfer, and mass transfer. The transfer of 
heat from the flame zone to the propellant surface causes 
the propellant to pyrolyze and the pyrolyzed gases to react 
close to the propellant surface. The burning rate of a 
solid propellant depends on a number of parameters such as 
the pressure under which it burns, initial propellant 
temperature, propellant type, f uel-to-oxidizer ratio, and 
oxidizer particle size in the case of composite 
propellants. The burning process becomes more complicated 
as the propellant burns in the presence of a cross flow of 
combustion gases in the port of a rocket motor grain. 
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Fig. 1 Typical pressure-time curve of a rocket motor having low 
port-to-throat area ratio. 


Normally, the burning rate of the propellant increases as 
the cross flow gas velocity increases. The velocity- 
dependent contribution to the burning rate of a solid 
propellant is called "erosive burning." 

Knowledge about the burning behavior of a solid 
propellant is of prime importance in the design of a rocket 
motor because both the thrust level and the burning time 
depend on the burning rate. High-performance rockets 
require high-thrust, short-burning solid-propellant grains. 
To improve rocket motor performance, high volumetric 
loading fractions (ratio of propellant weight to combustion 
chamber volume) are required. High loading fractions 
result in low port-to-throat area ratios of propellant 
grains; however, this leads to serious erosive burning 
problems. A typical pressure-time curve of a rocket motor 
having a low port-to-throat area ratio is shown in Fig. 1. 
At the beginning of the thrust transient, the pressure at 
the fore end (p G ) differs significantly from that at the 
aft end (p). Therefore, gases accelerate toward the nozzle 
end of the rocket motor, thereby increasing the burning 
rate due to erosive burning effect. This can result in 
unequal propellant-web burnout and early exposure of part 
of the rocket motor casing to the hot combustion products . 
If the erosive burning effect is not properly accounted for 
in the design, rocket chamber failure may occur due to 
overpressurization immediately following ignition. 

Nozzleless rocket motors have recently attracted 
considerable interest because they offer significant 
economic advantage and simplicity over conventional motors. 
However, gases in nozzleless rocket motors choke somewhere 
within the port and the gas velocity reaches sonic and 
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supersonic speeds over some portions of the propellant 
surfaces, leading to high erosive burning rates. It is 
important, therefore, to be able to predict the erosive 
burning rate of a solid propellant. An understanding and 
accurate prediction of the erosive burning characteristics 
of a solid propellant can lead to the elimination of the 
aforementioned problems through proper modification in the 
motor and/or grain design. The erosive burning 
characteristics of the propellant can also be used to 
improve the thrust performance of a motor. 

According to von Braun, ^ erosive burning studies of 
solid propellants, date back as early as 1889 in Germany, 
Japan, Britain, and The Soviet Union. The erosive burning 
effect was observed in experiments by Hansel^ on Cordite (a 
modified double-base propellant), which indicated a sharp 
pressure rise in a rocket motor and its dependence on the 
geometrical configuration of the propellant grain. 
Muraour^ was probably the first investigator to describe 
the erosion effect explicitly. The first systematic 
studies of erosive burning were apparently initiated in the 
United Kingdom and the United States, using colloidal, 
double-base propellants. Erosive burning problems have 
subsequently been the subject of numerous studies for both 
double-base and composite propellant formulations. 

Literature reviews on erosive burning problems have 
been reported by Williams et al.,^ Kuo and Razdan,^ and 
King .6 In the last several years, however, a renewed 
interest has developed in understanding the erosive burning 
phenomenon in solid-propellant rocket motors, and a number 
of publications on the subject have appeared in literature. 

In the following sections, theoretical studies are 
grouped under four major categories, according to the 
physical basis of each theoretical model. Three recent 
theoretical models are described in some detail. Various 
experimental methods used in erosive burning studies are 
discussed subsequently, and two recent experimental studies 
are also described. For an easy comparison between the 
various studies, theoretical and experimental studies 
reported in literature are presented in tabular form. 
Observed effects of various parameters on erosive burning 
and the physical mechanism of erosive burning phenomenon 
are also discussed in detail. Finally, recommendations for 
future work and conclusions are presented. 

Theoretical Approaches to Erosive Burning 
Classification of Erosive Burning Theories 


Without consideration of the type of propellants 
(i.e., homogeneous or heterogeneous), existing theories on 
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erosive burning may be divided into four major groups, 
depending upon whether models are based on phenomenological 
heat transfer theories, ^”12 an integral boundary-layer 
analysis ,^28^33 a m0 ^ifi cat i° n °f the propellant combustion 
mechanism, or a chemically reacting boundary-layer 

analysis .35-42 , 83> 84 it should be noted, however, that 
some of the theoretical models have a combination of the 
aforementioned physical bases. In these cases, models were 
classified according to the major physical basis used. 
Some theoretical work could not be included in any of the 
groups and are classified as other models. 43-45 


Models Based on Phenomenological Heat - Transfer 
Theories . Lenoir and Robillard7 (L-R) were the first to 
develop a model based on the heat- transfer theory. Two 
mechanisms of gas-to-solid heat transfer were proposed: 

1) from the primary burning zone, which is independent of 
core gas velocity and is a function only of pressure; and 

2) from the core of hot combustion gases, which depends on 
gas velocity. Using this approach, total burning rate is 
expressed as 


r 


b 


r 


o 


4- r 

e 


( 1 ) 


where r Q is the pressure-dependent normal burning component 
and r e the erosive burning component. The erosive burning 
rate was postulated to be proportional to the convective 
heat - transfer coefficient under conditions of 
transpiration. The Chilton-Colburn heat-transfer 
correlation, with a correction for transpiration, was used 
to obtain the following equation for the total burning 
rate: 


n , ^0.8 e 

r, = ap + aG exp(- 


5r b p s /G)/L 


0.2 


( 2 ) 


where oc and 3 are empirical constants for a particular 
propellant. Results of studies on similar types of 
propellants showed that 3 is apparently independent of 
propellant identity and has a value around 53. An 
expression for a was derived by Lenoir and Robillard^ by 
considering the energy balance between the heat transfer 
from the flame to the propellant surface and the heat 
required to raise the propellant temperature from its 
initial temperature Tpi to its final surface temperature 
T . The expression derived was 


0.2 -2/3 

0.0288 C y Pr 
PI 

P C 
s s 


T - 
s 


Pi 


( 3 ) 
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Because of its simplicity, the L-R correlation [Eq. 
(2)] has been widely used in rocket motor performance 
calculation. However, there has been some 
criticism ^ 9 13-15 as we n as SO me support 21 for the 
additive assumption of the burning rates represented by Eq. 
(1). The validity of the additive assumption of burning 
rates is still unresolved in the literature, even though it 
does not appear to have any physical basis. Since its 
development, several authors ^ ave mo dified the L-R 
correlation in one form or another. One common 
modification has been to use the heat-transfer correlation 
as a function of Reynolds number, which is based on the 

port diameter of a rocket motor rather than its length. It 
has been observed ^ ,42 t h a t the l-R theory overpredicts 
erosive burning in full-scale motors for values of a and g 
obtained from correlations using subscale motor data. 

Marklund^ modified the L-R correlation by considering 
only the mass addition due to oxidizer in a composite 
propellant. By doing this, some of the physicochemical 
properties of the propellant (e.g., Y f u , Qv ox > T f , T s ox ^ 
were introduced into the final form of the correlation?* 
However, agreement with the data was achieved by adjusting 
two constants. Zucrow et al.^ extended the work of 
Marklund^ by incorporating more physicochemical properties 
of the propellant into the final form of the erosive 
burning correlation. In their analysis, Burick and 
Osborn™ included the mechanical erosion effect, in 
addition to the erosion effect due to heat transfer. 
According to these authors, mechanical erosion plays an 
important part in the erosive burning phenomena, a 
conclusion not supported by other studies reported in 
literature. King-^ developed a correlation by assuming the 
total gas-to-solid heat flux to be the sum of heat fluxes 
by conduction from the flame zone and core gases and by 
using the concepts of the granular diffusion flame (GDF) 
theory . ^ Thus, KingH argues that the additive assumption 
of the L-R theory is removed. King's approach has been 
criticized, 13,14 however, because of his assumption of 
additive heat fluxes. Another modification of the L-R 
theory is that of Jojic and Blagojevic^ w ho added a 
component of the burning rate due to the plateau effect in 
their modified L-R correlation. Both negative and 
threshold effects are predicted by the modified correlation 
if the "proper" parameters and constants are chosen. 

Models Based on Integral Boundary-Layer Analysis. 
Erosive burning models in this group are based on the 
increased heat transfer to the propellant surface, due to 
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the enhancement of transport properties in the boundary 
layer caused by turbulent flow. Integral boundary-layer 
analysis is generally used to obtain expressions for 
transport coefficients. Corner^ 7 was the first to use this 
concept in developing an erosive burning theory. His 
analysis was based on the assumption that the erosive 
burning component is proportional to the effective thermal 
conductivity. He used the Prand tl-Karman boundary-layer 
theory to relate effective thermal conductivity to the 
freestream gas velocity. However, Corner's work gave no 
consideration to the effect of mass injection into the 
boundary layer. Geckler^ developed his model along lines 

similar to those of Corner, ^ 7 postulating that the erosive 
burning augmentation ratio was proportional to the 
product of the eddy diffusivity and the freestream mass 
velocity of the gas. In the analysis of Erokhin et 
19 

al., burning rate was taken to be proportional to the 
turbulent heat flux from the flame zone to the propellant 
surface. Temperature distribution was obtained by 
integrating the energy equation into the heating zone (with 
no heat release) and the reaction zone (with heat release). 
Erokhin et al.^9 used Prand tl's mixing length hypothesis to 
obtain an expression for eddy thermal conductivity. 
Zel'dovich^ developed a theory of erosive burning based on 
the concepts of Corner^- 7 and Erokhin et al.^ The final 
expression for the erosive burning rate obtained by 
Zel'dovich 20 is similar to that obtained by Corner.- 1 - 7 
Perhaps one of the better models using integral boundary- 
layer analysis is that developed by Lengell£.21 

Lengelle^- 1 - developed the erosive burning model for a 
composite solid propellant using the granular diffusion 
flame theory . ^ The burning rate is related to the flame 
thickness through the relation 


i b Q v = X(T f - T s )/L f (4) 

where Q v is the energy required to raise the propellant 
from its initial temperature Tp^ to the surface temperature 
T s and to transform it into gases. Following the granular 
diffusion flame theory, ^ the flame thickness is expressed 
as 

L f - m p 2/3 /p 2/3 /(pP) (5) 

where the characteristic mass of the gaseous fuel pocket is 
Mp (determined by the ammonium perchlorate (AP) content and 
its mean particle size). Lengelle argued that, in a 
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normal, nonerosive combustion regime, the transport 
coefficients X and V in Eqs. (4) and (5) are the laminar 
ones. Under erosive conditions, these coefficients are 
modified by turbulent components that depend on the nature 
of the flow. Assuming that the turbulent Lewis and Schmidt 
numbers are close to unity and that the flame thickness is 
not affected by the turbulent flow, the burning mass flow 
rate, from Eqs. (4) and (5), is then expressed as 






(Vi + pv t ) 


( 6 ) 


Using Couette flow and Prandtl's mixing length 
approximations, Lengelle integrated the boundary-layer 
equations (momentum and continuity) to obtain an expression 
for the velocity profile and turbulent momentum diffusivity 
v t . Average values of the turbulent diffusivity in the 
flame zone were used by Lengelle in Eq. (6). Lengelle's 
approach has a good physical basis but it represents an 
oversimplification of the problem in an attempt to obtain a 
simple final expression for the burning rate. The 
assumption that the flame thickness is not affected by the 
presence of the flow is in direct conflict with the basis 
of King's model . However , Lengelle, obtained favorable 
comparison of his prediction with experimental data. 

Joulain et al.^>^have formulated the problem of the 
combustion of solid fuel (or solid oxidizer) in the 
presence of a turbulent flow of gaseous oxidizer (or 
gaseous fuel). They considered conservation equations for 
mass, momentum, species mass fraction, and energy. The 
Couette flow assumption was used to integrate the governing 
equations within the boundary layer. In solving the energy 
equations, a thin flame sheet approximation was also 
employed. Joulain et al.^2 5 23 performed numerical 
solutions of their model that compared favorably with their 
experimental data. Mukunda ^ also formulated the erosive 
burning problem of double-base solid propellants based on 
the Couette flow approximation of turbulent boundary-layer 
equations. He obtained numerical solutions of the 
eigenvalue problem, but compared them with experimental 
data of composite solid propellants due to the lack of data 
on double-base propellants. In both of the aforementioned 
models, the use of the Couette flow approximation for the 
entire boundary layer thickness is incorrect. This 
assumption precludes any possible turbulent correlations 
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between velo^cit^ and temperature 


Such relationships have 

been found 38-4/ to make important contributions to heat- 
transfer processes within the boundary layer. 

In their recent work, Parkinson and Penny ^5,2 ^ave 
associated the erosive burning phenomena with the 
reattachment of a blown boundary layer in a rocket motor. 
They used the momentum integral theory to predict the 
boundary-layer reattachment point. Along with a modified 
Lenoir-Robillard 2 correlation, the resultant theory was 
used to predict the pressure-time history of a rocket 
motor. Parkinson and Penny conclude that the erosive 
burning effect (represented by maximum-to-minimum pressure 
ratio in a rocket motor) strongly correlates with B Re x 0,2 , 
and erosive burning reaches serious proportions when 
B Re x ^*2 is less than 0.3. The assumption that erosive 
burning is caused by reattachment of the boundary layer may 
require direct experimental evidence. In a follow-up work 
of Parkinson, 22 erosive burning effect was associated with 
enhancement of the thermal conductivity by turbulent 
mixing. This approach is quite similar to that of Erokhin 
et al.19 and Zel'dovich. 20 


Models Based on a Modification of the Propellant 
Combustion Mechanism . Models for erosive burning rate in 
this group are based upon the flame structure and the 
mechanism of solid-propellant burning. Vandenkerckhove 28 
developed an erosive burning model by considering the flame 
zone structure of a double-based solid propellant. He 
assumed that the fizz zone thickness is decreased by the 
cross flow of gases, resulting in an increase in heat 
transfer to the propellant surface and, therefore, an 
increase in surface temperature. Consequently, the 
increase in T g results in a higher burning rate from the 
Arrhenius law of surface pyrolysis. The height of the fizz 
zone was assumed to be equal to the laminar sublayer 
thickness. Vandenkerckhove explained the threshold 
velocity effect as representing the moment when the 
turbulence reaches the boundary of the fizz zone. This 
approach, however, is limited to double-base solid 
propellants. Moreover, the effect of mass injection on the 
laminar sublayer height was not considered. Miller^9 based 
his model on the assumption that the time required for the 
propellant to be consumed is a linear sum of chemical 
reaction time and the time required for turbulent transport 
of heat to reach the propellant surface. This assumption 
does not appear to have any physical basis. The final 
correlation for the burning rate somewhat resembles the 
Lenoir-Robillard correlation. 2 
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Saderholm et al.^O modeled the erosive burning problem 
of fuel-rich AP composite propellants by the direct 
extension of the granular diffusion flame theory. The 
laminar diffusivity was replaced by turbulent diffusivity 
obtained through Prandtl's mixing length theory. In this 
way, the model predicts a reduction in diffusion flame 
offset distance that results in an increased heat-transfer 
rate to the propellant surface and, therefore, increases 
the burning rate. However, Saderholm et al.™ conceded 
that the model is valid only for low port gas velocity 
(M ~ 0.01). King31“33 has developed a model for the 

erosive burning of composite propellants based on the 
assumption that the cross flow of gases bends the diffusion 
flame, thus bringing the heat release zone closer to the 
propellant surface. The basic assumption of this model is 
that the flame is located within the laminar sublayer of a 
turbulent boundary layer where turbulence is negligible. 
In a follow-up work, King^2 extended his model on the basis 
of the modified composite propellant combustion model of 
Beckstead, Derr, and Price ( BDP) .34 a detailed description 
of King's work is given in the section of this chapter 
entitled Recent Theoretical Approaches. 

Models Based on a Chemically Reacting Boundary-Layer 
Analysis . Models in this category are based on an 
aerothermochemical analysis of the erosive burning problem, 
which considers heat, mass, and momentum transfer in a 
chemically reacting boundary layer. Earlier attempts of 
Tsuji,35 Schuyler and Torda,36 and Razdan^ were limited to 
laminar boundary layers. Tsuji^ was the first 
investigator to formulate the problem for a double-base 
propellant in terms of mass, momentum, species mass 
fraction, and energy conservation equations for a laminar 
two-dimensional chemically reacting boundary layer flow 
over a propellant surface. The burning rate was expressed 
as a function of surface temperature by the Arrhenius law 
of surface pyrolysis. Following a number of simplifying 
assumptions, analytical solutions were obtained for 
momentum and species mass fraction equations and the energy 
equation was solved numerically. The solutions were 
limited to linear streamwise variation of freestream 
velocity and the propellant surface temperature was assumed 
constant. Schuyler and Torda^ used a computer program to 
solve the boundary-layer equations simultaneously. In 
their formulation, they also included conservation 
equations for mass, momentum, and energy in the inviscid 
core region of a grain. Razdan^? formulated the boundary- 
layer problem for double-base solid propellants, and 
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conducted a parametric study for the effect of various 
physicochemical parameters on erosive burning. In all the 
aforementioned laminar boundary-layer studies on erosive 
burning problems, no comparison was presented of 
theoretical predictions with experimental results. In a 
typical erosive burning situation, the boundary layer is 
turbulent over most of the propellant surf ace ; ^4 , 40 
therefore, the assumption of laminar flow is not realistic. 

A comprehensive turbulent boundary-layer modeling of 
the erosive burning problem was initiated recently by 
Beddini^S, 39 , 42 an( j Razdan and Kuo.^0”^ A detailed 
description of these recent models is given in the next 
subsection. 

Other Models . Theoretical work grouped here does not 
fit any of the previously mentioned categories. For the 
most part, these models were developed for overall rocket 
motor performance calculations, and no new erosive burning 
theory was developed. By considering mass and momentum 
balances for one-dimensional adiabatic flow inside a grain, 
Blatz^ obtained an expression for an erosion constant in 
terms of the port-to-thr oat area ratio of a rocket motor. 
This erosion constant can be used in a correlation in which 
erosive burning augmentation ratio is assumed proportional 
to freestream velocity. The analysis of Blatz^ does not 
account for any effects of heat transfer on erosive 
burning. Stone ^ discussed a method for compensating for 
the initial pressure peak caused by erosive burning. This 
method requires the reduction of the initial burning 
surface, i.e., a theoretical burning surface variation with 
a progressivi ty ratio greater than unity. In Stone's 
experiments on a slotted tube grain design, the 
progressivity ratio was tailored, through experimental 
motor firings, to match the initial overpressure with the 
final erosion free-burning pressure. 

A one-dimensional combustion model was developed by 
Rout et al.^ by considering conservation equations for 
mass, momentum, and energy. Solutions of the model were 
obtained numerically to investigate the effects of erosive 
burning on the variation of pressure with respect to time 
in a solid-propellant rocket motor. Although this study 
does not develop an erosive burning theory, it shows an 
interesting implication of erosive burning on rocket motor 
performance. The results show that higher values of 
threshold velocity lead to higher pressure peaks and that 
cylindrical grains have greater erosion effects than 
rectangular configurations. 
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-Burning Surface of a Cylindrerical 
Solid - Propellant Grain 


Product 

Gases 

from 

Igniter 



Fig. 2 Physical model considered in the theoretical formulation 
of Razdan and Kuo.^ 


Recent Theoretical Approaches 


Two recent approaches in modeling the erosive burning 

problem of solid propellants are described in this section. 

These are the turbulent boundary-layer analyses of Razdan 

and Kuo ,^>41 an d Beddini ,38 > 42 an( j t ^ e diffusion flame 

bending model of King .31 The approach of Razdan and 

Kuo ,^>41 and KingH will be discussed in some detail. 

°oo /o 

Beddini's approach, due to its similarities to the 

approach of Razdan and Kuo, will be only briefly discussed. 

Turbulent Boundary-Layer Model of Razdan and Kuo . ^ 9 ^ 
The physical model considered in the theoretical analysis 
consists of an axisymmetric flow of gases inside a 
cylindrical solid-propellant grain, as shown in Fig. 2. 

The analysis is limited to the combustion of ammonium 
perchlorate composite propellants burning in the turbulent 
boundary-layer region of a rocket motor. The gases form a 
turbulent boundary layer over the burning surface of the 
propellant. Both developing and fully developed regions of 
the flow, which is assumed to be quasisteady, are 
considered. The coordinate system used in the analysis is 
depicted in Fig. 2. Even though the model is developed for 
an axisymmetric flow configuration, conservation equations 
and boundary conditions can readily be reduced to apply to 
a two-dimensional flat-plate geometry. ^ jt should be noted 
that the model is limited to situations where the 
propellant is burning under strong convective cross flow 
conditions such as those which exist in high performance 
rocket motors. 

1) Conservation Equations. In the viscous flow 
region of the boundary layer, Reynolds' decomposition and 
time-averaging procedure is used to develop the 
conservation equations. A second-order two-equation K-e 
turbulence model^ is used to achieve the closure of the 
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turbulent flow problem. Major assumptions made in the 
analysis are: the averaged flow properties are steady; the 
mean flow is axisymmetric ; there is no reaction-generated 
turbulence; the Lewis number is unity; and Fick/s law of 
diffusion is valid. Conservation equations of mass, 
momentum, species, enthalpy, turbulence kinetic energy, 
turbulence dissipation, and the equation of state are 


h (rpu) + h (rpv ° } = 0 


(7) 


where pv 0 =pv+p f v f 


du 


o 3u 


p U 9 l + P V 97 


1 9 


r 9r [ ry eff 9r^ " dx 


9u, d]3 


( 8 ) 


9Y, 9Y 

k o k 

p u 9T" + p v 97- 


1 a 9Y, — 

(9) 


- 9H x o 9H 19 t rr y 

u 97 +p v 97 = 7 97 [ r[( ^ 


9H 


Pireff 9r 




3u 2 /2 


eff ^Pr^eff 9r 


] 


( 10 ) 


3K ± o 9 K 19 


t, 9K, 


uorv J- O r — r . W v o n 

p u 97 + p v 97 = 7 97 [r(y + c? 97 ] 


r 9 u. - 
+ y t ( 97 } - pe 


( 11 ) 


9e o 9e 1 9 r , y t. 9e 

p u 97 + p v 97 = 7 97 [r(y + c^> 37 


9r r 9r 


r ,9iu2 e r — £ 
C 3 y t ( '9r ) K ‘ C 4 p K 


( 12 ) 


p = p R T/W 
r u 


( 13 ) 



EROSIVE BURNING 


531 


Turbulent viscosity y is expressed in terms of K and e 
as 


C p K 2 /e 

y 


(14) 


Various correlations have been modeled and replaced in Eqs. 
(8-12). These models were discussed by the authors in Ref. 
40. 

In the potential flow region of the developing flow, 
the following equations are considered for momentum and 
energy : 


T 

c 


P U 
c c 



dU 

c _ dp 

dx dx 

(15) 

-1 


(16) 


Equation (16) is a consequence of isentropic assumption. 
The centerline velocity U c is calculated from Eq. (15) and 
the axial pressure gradient is calculated from the overall 
momentum balance, using the following equations: 

-ai- i M \ + s<»b A, 'b> 1/A < 17 > 


_d_ 

dx 


(p b U b A) = 2*Rp g r b 


(18) 


Equation (18) is obtained from the overall mass balance 
inside a rocket motor. The pressure gradient expressed by 
Eq. (17) includes the effects of change in the flow area 
and change in bulk density along the x direction. 

Equations (7 - 12) are reduced to two-dimensional 
boundary- layer equations if r is put equal to unity, and 
partial derivative with respect to r is replaced by partial 
derivative with respect to y (measured from the propellant 
surface). Equations (15 - 18) are not used for two- 
dimensional boundary-layer model of erosive burning 

2) Modeling of Gas-Phase Chemical Reactions. When a 
composite solid propellant burns, solid fuel and oxidizer 
particles transform into gases. The gases may react in 
several steps. However, in this model the following global 
single-step forward chemical reaction is assumed: 


V + 


V 


V 


(19) 
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where 0 and F represent the oxidizer and the fuel gases, 
respectively, and P represents the product gases. A 
possible expression for the instantaneous global reaction 
rate is 

\ = -\k s H(pY k /W k ) V k (20) 

k 


[k = 0, F, and specific reaction rate constant k g is given 
by the Arrhenius law k g = Ag exp(-E a g/R u T) ] . The time 
averaging of Eq. (20) represents one of the central 
difficulties of turbulent combustion modeling. One can 
replace the exponential term by its s eries expans io n, 
the reby introducing correlations such as YqY£, Y^T' , YqT', 
T'2 } etc. Additional conservation equations must be solved 
for these correlations; this procedure, however, reduces 
the economy significantly and introduces additional 
empiricism into the model. ^ ^ 

One other approach, first proposed by Spalding, 9 
is the eddy-breakup (EBU) model. In this model it is 
proposed that the gases in a turbulent flame, at high 
Reynolds numbers, be considered as lumps or eddies of 
unburned and fully burned gas. Spalding assumed that the 
rate of burning depended upon the rate at which fragments 
of unburned gas (eddies) were broken into still smaller 
fragments by the action of turbulence and that this rate 
was considered to be proportional to the rate of decay of 
turbulence energy. The EBU concept can be used to model 
the gas-phase reaction rate for the erosive burning problem 
in which fuel and oxidizer gases are unmixed as they emerge 
from the propellant surf ace. ^ The presence of high- 
lateral shear in the boundary layer forms the turbulence 
eddies. It is assumed that these eddies engulf the fuel 
and oxidizer gases, giving rise to oxidizer and fuel 


pockets . 
Lockwood , 


Following the EBU concept 
the rate of consumption 


and the arguments of 
of fuel is taken as 


proportional to the rate of dissipation of the fuel- 


containing eddies, as characterized by the rate of 
diminution of energy of the fluctuations. This rate is 
equated to the rate of supply of energy from the large- 
scale motion, which can be taken as proportional to the 
quantity of energy involved and to the reciprocal of the 
eddy time scale characterized by e/K, i.e., 


ay* - p/y (e/K) (21) 

where g^ = . Equation (21) can be used, provided g^ is 

known. The conservation equation for g F (see Ref. 46) is 
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simplified by assuming the production and dissipation terms 
of the gp equation to be dominant, 


v 



( 22 ) 


From Eqs • (14), (21), and (22), we finally get 


“>F = " C co pv ^ 



(23) 


where is a constant. Equation (23) is used together 

with Eq. (9) to solve the species distribution in the gas 

phase. It should be recognized that the reaction rate 

represented by Eq. (23) has some limitations. First, it is 

assumed that the rate of chemical kinetics is very fast, 

i.e., the reaction is diffusion limited. This assumption 

is particularly valid for gaseous reactions taking place 

under high pressures, such as those which exist in actual 

rocket situations. Second, the use of Eq. (23) is limited 

to turbulent boundary-layer flows. The primary reason for 

limiting this study of erosive burning to turbulent 

boundary-layer flows is that the flowfield developed over 

most of the solid-propellant grain in a practical rocket 

motor is turbulent. It may be noted that the species 

conservation equations are solved for Y and 

Y of = [Y 0 -(V 0 W 0 /V f W f )Y f ]. The choice of the latter 

variable, with the assumption of Eq. (19), eliminates the 

nonlinear source term in the equation for this_variable . 

No separate conservation equation is needed for Y , which 

is defined as (1 - Y n - Y^). ^ 

U r 

3) Boundary Conditions. At the solidgas interface, 
mass and energy balances lead to the following boundary 
conditions : 


(p v Yg^r=R ^s r b^ox 


- 9Y 0 

(PZV^) = 0 

3r r=R 

(24) 

jy v 

<*V>r-R - 0 

( 25 ) 
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where in Eq. (26) Q s is defined as the net surface heat 
release (negative for exothermic reactions) at a reference 
temperature T s . The net heat flux to the solid propellant 
is obtained by integrating the heat conduction equation in 
the solid phase, 



The burning rate of the solid propellant is expressed as a 
function of surface temperature through the use of the 
Arrhenius law of surface pyrolysis, 


r b - A a «q><- E as /R U T,> ( 28 ) 

For K and e equations [Eqs. (11) and (12)], the boundary 
conditions are applied near the propellant surface, rather 
than directly at the surface, to avoid the low- turbulence 
Reynolds number region in which the application of K and e 
equations is inappropriate. ^0 >25 Turbulence viscosity y 
close to the surface is calculated from van Driest's 
formula, as modified by Cebeci and Chang 50 to include the 
effect of surface roughness, 

- p [»(y w + Ay„) ] 2 |ja| (29) 

where the damping coefficient, 
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e = [feE>(y w + Ay w )]‘ 


3u 


3r 


(34) 


Other boundary conditions at the propellant surface 
( r=R) are 


u = 0, T = T g , v = p g r b /p(x,R) (35) 


and at the edge of the boundary layer (r=0) are 

3K 3e 


“ - V T - T C> Y r - Y o ■ °> 


3r 3r 


0 (36) 


4) Numerical Solution. The coordinate transformation 
and numerical scheme proposed by Patankar and Spalding^^ 
was used in this study. Solutions of the differential 
equations were obtained by numerically integrating the 
equations along the transverse direction, while marching 
forward along the x direction (see Ref. 52 for details). 
Iterations of the boundary-layer solutions were performed 
to obtain convergence on the surface temperature. 

Theoretical solutions were obtained for a composite 
propellant composed of 75% AP and 25% PBAA/EPON by weight. 
Details about the physical properties used in the 
calculations, the values of the constants used in the 
turbulence modeling, and the procedure followed in 
obtaining some of the parameters associated with the global 
single-step forward reaction may be found in Ref. 40. 
Computations were started at a preselected downstream x 
location, and starting profiles for velocity and turbulent 
kinetic energy and dissipation were obtained by using the 
same equations used by Chambers and Wilcox. The initial 
centerline velocity was varied for the parametric study. 
Some of the results from this model are discussed in the 
Results section. 

Turbulent Boundary-Layer Model of Beddini . ^ The 
physical model considered by Beddini^ consists of a 
quasisteady flow of gases inside a two-dimensional, 
symmetric homogeneous propellant channel of constant 
height. The boundary layer over the propellant surface is 
assumed to be turbulent, and the outer boundary conditions 
and static pressure as specified by asymptotic matching to 
an isentropic one-dimensional flow. The basic equations of 
the boundary-layer problem are similar to those described 
in the model of Razdan and Kuo.^’^ However, following a 
procedure similar to that of Johnson and Nachbar,-^ mass 
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fraction and total enthalpy are linearly related. 
Beddini's model differs from that of Razdan and Kuo^,41 in 
the closure of the turbulent flow problem. Beddini has 
used a multiequation second-order closure approach. ^5 
Furthermore, turbulent correlations involving the chemical 
source term are taken to be zero in Beddini's analysis and 
the gas-phase reaction rate is taken as that given by the 
Arrhenius law [Eq. (20)] at average gas temperature. 

The final system of governing equations in the model 
consists of coupled parti al di fferential equations for ~u, ~v 
(for mean continuity), h, u'u', u'v 
h'u 


v v , w w , P u , 
and h'h' . Details of these equations may 
38, 42, and 55. The burning rate of the 


p v' , tTu', h'v' 
be found in Refs 
propellant is related to the propellant surface temperature 
through the Arrhenius pyrolysis law. The system of 12 
partial differential equations was solved numerically for a 
parametric study. No comparison of predictions with 
experimental data was made. A modification of the model by 
Beddini^ incorporated pressure gradient effect and surface 
roughness effect into the theoretical formulation. Beddini 
and Varma^^ also included the effects of turbulence on the 
mean reaction rate of AP combustion by keeping terms ^to 
second order in T' in the Taylor series expansion of u) v 
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Transient Burning of Solid Propellants 


Kenneth K. Kuo* and Jayavant P. Goret 
The Pennsylvania State University 
University Park, Pennsylvania 
and 

Martin SummerfieldJ 

Princeton Combustion Research Laboratories, Inc. 
Monmouth Junction, New Jersey 


Abstract 

Transient burning behavior of solid propellants often 
occurs under a rapid pressure excursion and is caused by 
the finite relaxation times required for the solid and/or 
gas phases to adjust their temperature profiles. The 
instantaneous burning rate under transient conditions may 
therefore differ significantly from the steady-state value 
corresponding to the instantaneous pressure. The purpose 
of this chapter is: 1) to report the state-of-the-art on 
transient burning studies; 2) to explain the detailed 
mechanism of transient burning; 3) to classify the 
existing theories to facilitate more direct 

comparison; 4) to point out the limitations of each model 
and its general validity; and 5) to summarize the 
important experimental observations and theoretical 
results. Various studies indicate that the transient 
burning effect is high for higher values of pressurization 
rates, temperature sensitivity, surface heat release, 
surface activation energy, and burning rate exponent and 
lower values of propellant initial temperature and strand 
burn rate. 

Nomenclature 

A = pre-exponential factor in Arrhenius equation 

a = burning rate constant in steady burning 

relation, r 0 =a(p) n 

Copyright © American Institute of Aeronautics and Astronautics, 
Inc., 1983. All rights reserved. 
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= burning rate constant in pyrolysis law, 
r b = b < T s - T i> k 

= specific heat of condensed phase 
= constant pressure specific heat of gas phase 
= mass diffusivity 
= activation energy 

= specific enthalpy (sensible plus chemical) 

= power of propellant pyrolysis law, 

r b = b(T s - T i )k 
= latent heat of vaporization 

= ratio of chamber volumes to throat area 
= mass burning rate per unit area 
= burning rate pressure exponent 
= pressure 

= small change in pressure 

= rate of generation of heat per unit volume due 
to subsurface chemical reactions 
= heat of combustion per unit mass in gaseous 
flame 

= rate of in-depth radiation heat flux absorption 
= net exothermic heat release at propellant 
surface 
= heat flux 

= universal gas constant 
= steady-state burning rate 

= instantaneous burning rate 
= temperature 
= time 

= gas velocity normal to surface 
= diffusion velocity 

= molecular weight of reactant gases (fuel or 
oxidizer) 

= molecular weight of product gases 
= distance measured from the instantaneous 
burning surface of the solid propellant 
= species mass fraction 
= thermal diffusivity 

= heat of formation at reference temperature and 
pressure 

= thermal wave penetration depth 

= a dimensionless parameter indicating the degree 
of depressurization , e = [a p /(r e qP e q) ]9P/3t) max 
= reaction progress variable (defined in Eq. 33 
= thermal conductivity 

= frequency of perturbed pressure oscillation 
= number of moles of reactant fuel gases 
= number of moles of reactant oxidizer gases 
= number of moles of product gases 
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a fixed frame of 


distance measured from 
reference 
density 

temperature sensitivity, 
characteristic time 
temperature gradient, <j> = 3T/8x 
dimensionless parameter defined in Eq. 25 
rate of species generation in gas phase 
rate of species generation at solid surface 


G =(3 1nr/3T.) 

P i p 


Subscripts 


condensed phase 
final equilibrium condition 
gas phase 
flame 

initial or pertaining to i t species 
pressure 
surface 
steady state 

at a large distance away from surface 
gas-phase side of infinitesimal control volume 
at surface 

solid-phase side of infinitesimal volume at 
surface 

Introduction 

In solid rocket propulsion systems, the instantaneous 
burning rate of a solid propellant under a rapidly changing 
nonsteady pressure condition could be significantly 
different from the steady-state burning rate measured in 
strand burner experiments. This means that, under 
transient conditions, the instantaneous pressure level 
alone does not dictate the magnitude of the regression rate 
of a solid propellant. 

The ability to predict the rate of burning of a solid 
propellant is of prime importance in the design of high- 
performance propulsion systems and in preventing hazards of 
such systems. For solid rocket motors, the burning rate 
has pronounced effects on the flame spreading and chamber 
pressurization processes, and on the maximum motor 
pressure. Any improper treatment of the transient 
(dynamic) burning phenomena may cause a significant amount 
of inaccuracy in predictions of system performance, 
especially during ignition, extinction by depressurization, 
and resonant burning. 

The detailed mechanism of the ignition process is 
described by Hermance in his chapter on ignition in this 
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volume. In other chapters, Kumar and Kuo have discussed 
the overall ignition transient, while DeLuca has dealt with 
extinction of solid propellants under rapid 
depressurization. Because of the importance of the 
transient burning effect, it has been investigated both 
theoretically and experimentally by various 
researchers . 1-82 a review of the work prior to 1976 is 
given by Kuo and Coates in Ref. 83. 

The transient burning phenomenon is caused by the 
finite time lags associated with adjustment of 
1) temperature profiles in the solid phase, and sometimes 
also in the gas phase, and 2) the energy release rate and 
flame structure in the gaseous flame. Due to the inherent 
unsteady nature of events associated with transient 
burning, the governing equations comprise a set of time- 
dependent partial differential equations. Boundary 
conditions for the solid-phase and gas-phase equations are 
coupled in nature through variation in the heat feedback 
term from the gaseous flame zone to the solid-propellant 
surface. The coupling is also due to changes of the 
gaseous mass flux leaving the solid surface as a result of 
changes in burning rate. In order to evaluate the heat 
feedback from the flame to the surface, a detailed 
knowledge of the flame structure, chemical kinetics, and 
reaction mechanisms would be essential for a comprehensive 
model. However, such an extensive model may turn out to be 
disadvantageous, due to lack of knowledge of detailed flame 
structure and chemical kinetics, as well as mathematical 
intractability. Hence, most researchers in the past have 
resorted to simplifying assumptions, particularly those 
pertaining to the quasisteady nature of the gas phase. 

It has been observed experimentally that the transient 
burning effect depends upon a large number of parameters, 
including: maximum pressurization rate and nature of the 

pressure-time curve; temperature sensitivity and pressure 
exponent of the propellant; exothermic heat release and 
activation energy of the propellant, together with initial 
temperature of the propellant and its thermal properties, 
etc . 


Mechanism of Transient Burning 

Physically, the transient burning effect is introduced 
during rapid pressure changes by the finite time interval 
required for temperature profiles inside the condensed 
phase, and possibly the reaction zone, to follow transient 
pressure variations. The faster the pressure changes, the 
longer the time (relative to the characteristic time of the 
pressure change) required for temperature profiles to 



TRANSIENT BURNING 


603 


adjust themselves to the new pressure condition. Until 
temperature profiles in the solid phase and the reaction 
zones are adjusted to the shape corresponding to the 
steady-state burning at the new pressure, there is an out- 
of-phase blowing effect of the chemically reacting gases 
leaving the burning surface. This blowing effect alters 
the temperature gradient at the surface and the heat 
feedback from the flame. 

In order to understand the transient burning process 
better, let us consider events that occur when the pressure 
is increased according to the ramp pressurization rates of 
b or c as shown in Fig. la. The initial steady-state 
temperature profile corresponding to zero pressurization 
rate (line a in Fig. la) is shown by the curve IA in Fig. 
lb. It should be noted that in order to facilitate the 
comparison of various temperature profiles, the propellant 
is fed at the rate equal to the instantaneous burning rate 
so that the instantaneous burning surface is always at a 
fixed location. For a very slow pressurization rate (line 
b in Fig. la), the temperature of the propellant surface 
will rise from A to B in a short time lag. The temperature 
profile can quickly adjust to the new profile IB, which 
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represents the steady-state temperature distribution at the 
new pressure p^. At higher pressurization rates (line c), 
the steady-state temperature profile IC at the new pressure 
P c differs significantly from the initial profile IA. 
Hence, it takes a considerably longer time lag for the 
temperature profile in solid phase to adjust to the new 
steady-state condition p Q . Furthermore, the time available 
for this adjustment is much shorter, due to the rapid 
pressurization along line c in Fig. la. During this rapid 
transient period, the temperature profile inside the solid 
propellant cannot keep up with the rate at which the 
pressure increases and hence may remain relatively close to 
the initial profile IA, which is above IC for a significant 
portion of the thermal profile. Correspondingly, this 
portion of the propellant is preheated, compared to the 
steady-state condition at p . As this portion of 
propellant is fed to the burning surface, the burning rate 
can substantially increase due to higher thermal energy 
storage. At higher burning rates, the continuity of the 

mass flux at the solid-gas interface may require gas 
velocities to be higher. The increase in gas velocities 
introduces a blowing effect which is opposite to the 
preheat effect described above. 

As the blowing caused by the higher rate of 
gasification becomes stronger at the propellant surface, 
the gas-phase heat release zone becomes thicker and moves 
further away from the surface. For diffusion flames, the 
lateral species mixing above the surface is altered by the 
higher gas velocity normal to the surface; fuel- and 
oxidizer-rich gases must travel a greater distance from the 
surface before they react with each other. For premixed 
flames, the flame zone is stretched because of higher gas 
velocity. The magnitude of the gas velocity at the burning 
surface is also influenced by the local gas density which, 
in turn, depends upon the instantaneous pressure. As 
pressure is increased, the density will be higher and the 
gas velocity will tend to be lower. The gas velocity is 
determined by both the instantaneous burning rate and the 
local gas density. Whether the flame zone moves away from 
the surface or closer to it depends on the relative 
influence of instantaneous burning rate and gas density 
(net blowing effect). 

No matter whether the heat release zone in the gaseous 
flame is confined to a thin region or is distributed over a 
wider area, the effective heat release location can be 
altered by the net blowing effect. This change of position 
alters the heat feedback to the solid-propellant surface. 
(See Ramohalli's chapter on steady-state burning of 




Fig. 2 Transient burning mechanism under rapid pressurization. 
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composite solid propellant, and the Lengelle et al . chapter 
on homogeneous solid propellants.) 

In addition to the aforementioned primary effects, 
experiments indicate that there are often numerous 
secondary effects that may influence heat feedback to the 
propellant surface, and therefore alter the instantaneous 
burning rate. While many of the details of the actual 
processes are not fully understood at present, evidence 
tends to suggest that there is an effect of -'ressure upon 
kinetics, flame luminosity, mixing processes, change of 
solid-phase surface structure, etc. Figure 2 illustrates 
the process of determination of transient burning rate as a 
result of several complementary and opposing phenomena 
described above. 

Out of the numerous secondary effects that may exist, 
four are depicted in Fig. 2. The effect of change of the 
solid-phase surface structure was recently proposed by 
Cohen & Strand^ in consideration of dynamic burning of 
HMX-based composite solid propellants under high-pressure 
conditions . 

Mathematical Description of the Transient Burning 

Phenomena 

As mentioned in the previous section, the magnitude of 
the transient burning effect is dependent upon the 
characteristic times associated with the thermal diffusion 
process in the condensed phase T c , in the surface region 
T s , and in the gas phase Tg. Typical magnitudes of these 

time scales are calculated in Refs. 13 and 14, and are 
T c ~ 0.01 s, T s ~ 0.001 s, t ^ 0.0001 s. This means that 
the surface responds 10 time! faster, and the gas phase 100 


Table 1 Basic Assumptions Used in Transient Burning Analysis 


Appropriate 
basic assumptions 
in transient 
burning analysis 

Steady-state 
in both gas and 
solid phases 

Quasisteady 
in gas phase 
and transient 
in solid phase 

Transient 
in both gas 
and solid phases 

Relative 

T « T 

T ~ T 

T ~ T 

magnitude 

c P 

c p 

c p 

of 

T « T 

T < T 

T ~ T 

characteristic 

s p 

s p 

s p 

times 

T « T 
g P 

T << T 
g P 

T ~ T 
g P 
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times faster, than the solid phase to a pressure transient. 
For many transient burning phenomena in rocket motors, the 
time scale associated with a pressure excursion Tp is much 
larger than Tg and T g , but comparable to or smaller than 
T c . Hence, the solid phase must be considered unsteady 
while a quasisteady assumption could be suitable for the 
surface reaction zone and the gas-phase region. 

Knowledge of appropriate time scales is essential to 
development of mathematical models and to choice of a model 
to be used in predicting solid-propellant transient burning 
phenomena. The time scales-^ >14 associated with the 
different zones are 



Based upon the relative magnitude of the above 
characteristic times as compared to Tp , the basic 
assumptions used in transient burning analysis are shown in 
Table 1. 

Solid-Phase Energy Equation 


The treatment of the unsteady solid-phase energy 
equation is common to the different approaches of various 
investigators. For the coordinate system shown in Fig. 3, 
the one-dimensional transient solid-phase energy equation 
can be written as 


3T 3T _ 3 2 T _ Q Q rad 

3t r b 3x a c . 2 pC p C 

dX C C C C 

(A) (B) (C) (D) (E) 


( 4 ) 


Under steady-state conditions, term (A) of the above 
equation can be dropped and the resulting steady-state 
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ordinary differential equation can be solved with the 
following boundary conditions: 


x = 0, 


r 


o’ 


T 


T 


s ,o 


( 5 ) 


x = -<», T = T\ (6) 

Using these boundary conditions to solve the temperature 
profiles in the solid phase, one obtains 


1(0, x) = 1. + (1 -1.) exp (xr /a ) (7) 

i s , o i oc 


It is important to note that Eq. (7) can be used as the 
initial condition in some transient burning problems. 

The boundary conditions for the transient energy 
equation are 


T(t, -<*>) = T 


( 8 ) 


_9T 

3x 


(t,0_) 


<L Jt) 

c,s 


(9) 


where 4> „ is related to the heat feedback from the gas 

U j o 

phase through an energy flux balance at the gas-solid 
interface. In order to evaluate the heat feedback from the 
gas phase, conservation equations for the gas phase must be 
considered . 


Rad 



(Xg0g,S ) 

Conductive Heat 
Flux from Gas to 
Surface 


Rate of Heat Production 
in Surface Reaction Zone I 

V 

X (m Q s ) 


Fig. 3 One-dimensional 
temperature profiles in the 
burning of a solid propellant. 
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Gas-Phase Conservation Equations 


The gas-phase equations in general consist of an 
unsteady continuity equation, an unsteady energy equation, 
and unsteady species equations. In the transient burning 
analysis, pressure distribution in the gas phase is assumed 
to be uniform in space, but varying with time; hence the 
momentum equation for the gas phase is replaced by the 
input p - t information which may either be externally 
specified or experimentally measured. It should be noted 
that treatment of burning rate variations due to convective 
effects in the gas phase is discussed by Razdan and Kuo in 
their chapter on erosive burning of solid propellants in 
this volume. Although erosive burning and transient 
burning effects could occur simultaneously, the analysis in 
this chapter deals with only transient burning phenomena. 

The one-dimensional conservation equations for the gas 
phase can be written as follows: 


continuity equation, 


energy equation, 


3p 3 (p u ) 

-| &-J L - = n 

3t 9x U 


( 10 ) 


3h 3h 3p 3 

P g 3t p g u g 3x ~ 3t 3x 


/, , *_( y u r, 3Y i 

\ g 3x ) 3x ^ P g i=1 i i 3x 


( 11 ) 


species mass fraction conservation. 


3Y. 3Y . 3 / 9Y.\ 

o “ + o u ( p V. ~ — ■ ] - oo. 

g 3t g g 9x dx \ ' g i ox / 1 


( 12 ) 


where i = 1,2,3,....,N for N different species. In the 
energy equation the effects of viscous dissipation, body 
force work, and Dufour energy flux are neglected. It is 
assumed also that there is no external energy source. The 
heat release due to chemical reactions in the gas phase is 
included in change of enthalpy terms. Fick's law of mass 
diffusion is assumed to be valid. 

An examination of the set of conservation equations 
reveals that these equations are coupled with each other. 
Detailed knowledge of the flame chemistry is needed to 
determine the different species to be considered in the gas 
phase. The energy and species equations are coupled 

through the production rate term in the species 
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conservation equations. Coupling also occurs through the 
transport properties. The temperature distribution in the 
gas phase is governed by the heat release due to chemical 
reactions in the gas phase. The gas-phase conservation 
equations are further linked with the solid-phase energy 
equation through energy and mass flux balances at the 
interface. These are discussed in the following section. 

Boundary Conditions for Gas-Phase Equations 

The complexity of the problem is further increased by 
the complicated nature of the gas-phase boundary 
conditions. As we consider a 1-D system, gas-phase 
boundary conditions must be specified at the flame boundary 
(x oo) and at the burning solid surface (x = 0). At the 
flame boundary, we need to specify the mass fractions of 
the fuel and oxidizer species and of product species; this 
specification requires an a priori knowledge of the 
reaction mechanism and of the species produced. Knowledge 
of how far the reaction progresses towards achieving a 
stoichiometrically complete combustion is also needed. If 
this information is available, then the boundary condition 
for species mass fractions can be specified in the form 

Y. = Y. as x + » (13) 

l l ,°° 

The second boundary condition at x -> 00 is related to the 
temperature at the edge of the flame. Under adiabatic 
flame assumption, this boundary condition can be specified 
as 

— = 0 as x 00 (14) 

3 X 

Sometimes, the temperature at the edge of flame is 
specified , i.e. , 

T = as x 00 (15) 

Under transient burning conditions, the temperature of 
combustion products in general may not be equal to the 
adiabatic flame temperature of the propellant; it can vary 
with time and may not follow the T^ associated with 
instantaneous pressure if the characteristic time for 
pressure changes is extremely small. If the heat of 
reaction in the gaseous flame zone is independent of 
pressure, and if the rate of change of energy stored 
between the flame and the surface is small, the boundary 
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condition at the edge of the flame can be written as 


T 


f 


T 

s 




C g 


b 


g»s 


P C r 
c g b 


(16) 


where the barred quantities represent the steady-state 
values. Under extremely high rates of pressure variations, 
the instantaneous flame temperature will depend on the 
propellant grain geometry. In considering high-frequency 
(-10,000 Hz) pressure oscillations, T'ien^ proposed that, 
for a 1-D situation with product gases flowing 
perpendicular to the burning surface, the boundary 
condition at x 00 could be specified by using an 
isentropic relationship for the gas phase (DS/Dt =0). In 
the case of relatively slow pressure changes, the flame 
temperature could be assumed to follow the adiabatic 
boundary condition given by Eq. (14). Krier et al . ^ 
experimentally observed near isentropic gas-phase behavior 
at moderately high-frequency pressure oscillations ( ~ 200 
Hz). Entropy waves were observed at surprisingly low- 
frequency pressure oscillations (-10 Hz), while entropy 
waves were proposed at extremely high-frequency pressure 
oscillations (~1000 Hz). Results obtained by Krier et al.^ 
also showed that the boundary condition for the energy 
equation at the flame edge is strongly dependent upon the 
burner geometry. 

The remaining boundary conditions are associated with 
the propellant surface (x =0): the mass fluxes of 

different species at the surface are determined by the 
propellant composition; and in the case of heterogeneous 
propellants under transient burning, they are also 
determined by the amount of heat feedback to the fuel and 
oxidizer (this effect is shown in Fig. 2). Difference in 
heat feedback to different components could be caused by 
different thermal dif fusivities and/or different optical 
properties. Thus the boundary conditions at the solid 
surface for the gas-phase conservation equations depend 
upon propellant composition, flame structure, and thermal 
properties of the propellant. The three boundary 
conditions that need to be specified at the propellant 
surface (x = 0) pertain to the mass flux continuity, 
species flux continuity, and energy flux balance at the 
surface. Consider a control volume attached to the solid- 
propellant surface, as shown in Fig. 4. Figure 4a 
represents an overall mass flux balance at the solid 
surface as the interface control volume shrinks to zero. 
This mass flux balance yields the following boundary 
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condition 


P c r b = p g u g (17) 

The boundary condition from the species flux balance 
at the surface is illustrated in Fig. 4b. This boundary 
condition takes the form given below: 


p Y. u 


+ p Y . V . 
g i i 


= 0 )! + p Y. r, 
l c i b 


(18) 


Figure 4c shows the balance of energy fluxes at the gas- 
solid interface. This balance is represented by the 



Gaseous Products 


Instantaneous Pq u g Pg 14- 




Fig. 4 Balance of mass, species, and energy fluxes at the gas- 
solid interface. 
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following equation 


X 


dT 
c dx 


' f 

g dx 


+ (q 


rad , 


- q 


rad ) 


+ I r, Y . h. 


i=l 


c "b i i 


N 


- £ C Y (u + V ) h 

i=l + 6 + + 


(19) 


In Fig. 4, it is assumed that the instantaneous solid- 
propellant surface remains stationary in space, relative to 
a fixed coordinate frame. This can also be looked upon as 
if the propellant was being fed at a velocity equal to r^. 
In the absence of propellant feeding, the observer can move 
with the control volume at a velocity equal to the 
instantaneous burning rate of the propellant so that the 
propellant surface always remains inside the control 
volume. 

Application of these boundary conditions requires 
information regarding the rates of production of different 
species at the surface, as functions of surface 
temperature. Arrhenius type expressions have been used 
widely for this purpose. However, use of these expressions 
requires knowledge of the chemical kinetics of the 
decomposition process. The pre-exponential factor and 
activation energy for decomposition of the solid are needed 
as input to the model. In addition to the conservation 
equations, boundary and initial conditions and appropriate 
equation of state for the gas phase need to be specified. 

As is evident from the previous paragraphs, a complete 
mathematical description of the solid- and gas-phase 
conservation equations is very complicated. Information 
(about data for gas-phase flame chemistry, gas- and solid- 
phase properties, and solid-phase chemical kinetics) needed 
as input to the comprehensive mathematical model is usually 
difficult to obtain for various propellants. (The model 
also becomes restrictive because of the several assumptions 
required for specifying gas-phase boundary conditions.) As 
is evident from the mathematical formulation, the set of 
governing equations is generally a coupled, nonlinear 
system of partial differential equations which are nearly 
impossible to solve analytically, and expensive to solve 
numerically. 

Because of these above-mentioned difficulties, several 
practical and ingenious assumptions have been made in 
transient burning studies to simplify the problem of the 
gas-phase behavior. These efforts are described in the 
next section. 
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Description of the Existing Models 

The treatment of the solid-phase model described in 
the previous section is common to most investigators, 
except for the difference in the heat feedback boundary 
condition. Investigators have simplified gas-phase 
equations in different ways, resulting in different 
expressions for the heat feedback from the gas-phase to the 
solid-propellant surface. As described in Table 1, the 
relative magnitude of characteristic times associated with 
the gas phase, as compared to characteristic times 
associated with the pressure change, determines whether the 
transient burning problem could be assumed quasisteady. 
Quasisteady assumption for the reaction regions allows the 
important simplification of treating the reaction zones as 
steady state. Existing theories on transient burning 
phenomena can be divided into two major categories: 
quasisteady flame models and unsteady flame models. 
Representative works during the past twenty-five years have 
been organized into a tabular form and presented in their 
proper time perspective (see Table 2). 

For reasons of practical application as well as 
mathematical tractability , most models developed in the 
past are based upon the quasisteady assumption of the 
combustion zone. Quasisteady flame models can be further 
subdivided into three different approaches: 1 ) dp/dt 

approach 5 ,6 ,16 ,35 y 2) flame description 

approach ^>^,9, 11,12,17 ,18^ and 3 ) Zel'dovich 

approach . 3 * 4 , 7 , 13 , 14 

With the dp/dt approach, the transient burning rate 
depends on instantaneous rate of pressure variation, 
pressure level, and properties of the propellant. Although 
models of this type give simple and explicit formulae for 
transient burning rate calculations, they oversimplify the 
situation by failing to consider the transient coupling 
between heat feedback from the flame zone and the 
propellant surface conditions. It must be recognized that 
many of the burning rate expressions were derived from 

small perturbation analyses of the transient heat 
conduction equation, and thus the use of the transient 
burning expressions is restricted to cases which deviate 
slightly from steady state. 

In the flame description approach, the heat release 
distribution in the flame must be a specified input in 
order to evaluate the integrated gas-phase energy equation 
for determining the rate of heat feedback from the gas 
phase to the burning solid surface. The weakness of models 
of this type is the dependence of the transient burning 
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solution on detailed knowledge of flame structure and 
propellant surface reaction phenomena. Because the 
detailed flame structure and the surface reaction processes 
are extremely difficult to measure, they are usually 
deduced from various diagnostic experiments. Also, due to 
differences in flame structures and surface reactions of 
various propellants, and the wide range of operating 
conditions, it is often necessary to reconstruct and modify 
flame models. 

Models of the third type were developed in the USSR, 

J r 9919169 

based upon the original work of Zel'dovich. 5 z ‘ ± 9 9 The 

novel idea of bypassing the uncertainties of modeling a 
solid-propellant flame, and using instead measurable 
steady-state burning characteristics to deduce the 
theoretically correct nonsteady feedback law, is the 
essence of the Zel'dovich approach. This method was not 
well known in the USA before its introduction and detailed 
elucidation by Summerfield et al.^ It is now widely used 
in the study of dynamic responses of solid rockets 1 ^ and 
also in closed chamber pressurization processes .61 In a 
manner similar to that of the first two approaches, the 
Zel'dovich method can be applied only when the quasisteady 
assumption is valid for the rate processes in the gas phase 
and at the propellant surface. It also requires that the 
influence of such external forces as acceleration and 
erosive effects be small. Use of the Zel'dovich method is 
often limited by the lack of reliable surface temperature 
data and steady-state burning rate data over a sufficiently 
wide range of propellant initial temperatures. These 
steady-state burning rate data are necessary to the 
construction of the transient burning rate map (see Table 
2 ). When the limiting situations arise, a flame 
description model is required. 

In order to study the transient burning response at 
high-frequency ranges, several unsteady flame models^’ ^5 
have been developed. The analysis for the solid phase is 
identical to that of a quasisteady flame model; however, 
the gas-phase analysis was extended to include the 
unsteadiness of the combustion zone. At present, due to 
the complexity of mathematical formulation and insufficient 
knowledge of the actual chemical processes, consideration 
of chemical kinetics in the flame is immensely simplified 
and is usually represented by a one-step global chemical 
reaction. It is generally believed that in order to obtain 
accurate quantitative predictions, future developments in 
unsteady flame models will immediately require further 
knowledge of detailed gas-phase reactions. A discussion of 
the three approaches used in quasisteady flame models is 
presented below. 
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Table 2 Quasisteady 


Authors Basic assumptions 


Theoretical formulations 


Denison and • Homogeneous propellant • Flame description approach 

Baum (1961) • No subsurface reactions • Terms A, B, C in Eq . (4) 

(Ref. 1) • Arrhenius expression for considered 

rate of solid propellant • <f> c s obtained from the overall 

pyrolysis energy balance in the gas phase 

• Constant C p for all species • The rate of heat release in 

• Single-step stoichiometric in the premixed flame 

reaction obtained from chemical kinetics 

• Premixed flame in the gas 
phase 


Zel'dovich • T « constant • Zel'dovich approach 

(1964) • No subsurface heat release • Terms A, B, C in Eq. (4) 

(Ref. 3) • Propellant is homogeneous considered 

and isotropic • Heat feedback from gas phase 

• Functional relationship was obtained from a Zel'dovich 

between <t> r s , p, and r^ is map constructed from steady 

unchanged between steady- burning data 

state and transient 
conditions 


Gostintsev and • Same as those in Ref. 3 • Zel'dovich approach 

Margolin (1965) • Terms A, B, C in Eq. (4) 

(Ref. 4) considered 

• Heat feedback obtained from 
approximate analytical 
expressions for steady-state 
burning data 


G. Von Elbe • Gasification occurs at • dp/dt approach 

(1965) constant T s • Terms A, B, C in Eq . (4) 

(Ref. 5) • Subsurface chemical considered 

reactions are neglected • Term A in Eq. 4 written as 

• Grain surface is flat and 3 /3 1 (dq/dt ), where 

homogeneous 

fx s 

q = PC (T-T.)dx 
J c C 1 


• Tf « const. • dp/dt approach 

• T g * const. • Terras A, B, C in Eq. (4) 

• e <1 considered 

• Well-stirred reactor • Small perturbation analysis 

• Times of reaction for of heat equation yields 

transient and steady-state a closed-form burning rate 
conditions are of the same equation 

magnitude 


Summerf ield , 
Parker, and 
Most (1966) 
(Ref. 6) 


(Table continued 
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Flame Models 


Important conclusions 
by investigators 


Comments 


• Based upon a perturbation analysis, the • Results were obtained by small 

stability boundary for self-exited mode perturbation analysis ,, hence 

was obtained. Burning will be more can only predict the tendency 

unstable if the surface and gas-phase toward instability 

reaction rates are more sensitive to • Effect of transient burning 

temperature changes rate on pressure was not 

• There exists a maximum transient response considered; therefore results 

amplitude at a particular frequency for may not be directly 

the self-exited mode applicable to rocket motors 


• For higher , lower terminal pressure 
must be reached to cause extinction 

• Condition for stable burning derived 
from steady-state relationships is 

“c ( W i 1 

This appears to agree with certain Russian 
experimental data at low initial 
temperatures 

• Extinction of a solid propellant is hard 
to achieve by short pressure pulses 
because the thermal layer changes only 
within a small depth 

• Ideal conditions for extinction exit when 



• A closed-form expression for as a 
function of dp/dt, r , n, and & was 

r j q » t C 

obtained 

• T s and the temperature profile in the 
solid respond to a pressure transient 
in the sense that $ c ,s increases con- 
tinuously during pressurization 


• Transient burning effect shown to be 
negligible for pressurization rates less 
than 3.4 x 10^ atm/s 

• The effect of preheating is significant 
in firing with a weak igniter during 
ignition transient 


• The overshoots of burning rate 
during pressurization and 
undershoots during 
depressurization are well 
explained 

• The approach of using 
steady-state data to deduce 
the correct unsteady heat 
feedback law is unique 

• Pressure pulse functions 
used in extinction study 
are not realistic; actual 
extinction is usually 

caused by rapid depressurization 

• Assumption of constant T 
limits the study to 
propellants with high 
activation energies 

• Definition of q in the 
representation of Term A in 
in Eq. (4) leads to incorrect 
gradient of the energy flux 

• The heat feedback equation 

used and the lack of consideration 
for thermal history of the prop- 
ellant limit the approach to 
cases with small deviation 
from steady state 

• Reaction time in the flame zone 
may not be constant during the 
pressure changes 

• Results may be improved by 
considering instantaneous 
thermal wave penetration 
depth and surface temperature 


on next page) 




618 


K. K. KUO ETAL. 


Table 2 (cont.) Quasisteady 


Authors Basic assumptions 


Theoretical formulations 


Novozhilov 
(1967) 
(Ref. 7) 


• All the assumptions made • Zel^dovich approach 

in Ref. 3 above except • Terms A, B, C in Eq. (4) 

for T - const. considered 

s • Surface temperature 

considered as a function 
of pressure and heat feedback 


Horton, Bruno, 
and Graesner 


(1967) 
(Ref. 8) 


• T s * const 

• No subsurface reactions 

• Heat feedback from the 
flame to the surface is 
quasisteady 


• Flame description approach 

• Terms A, B, C in Eq. (4) 
conside red 

• Heat feedback from the gas phase 
considered solely as a 
function of pressure 


Krier, T'ien • Heterogeneous propellant 
Sirignano, and considered 
Summerfield • Heat release in the gas 
(1968) phase is assumed to be a 

(Ref. 9) step function starting at 

the solid surface 
• The solid phase reaction 
zone is infinitely thin 
and lumped at the surface 


• Flame description approach 

• Terms A, B, C in Eq. (4) 
considered 

• Quasisteady gas-phase energy 
equation integrated to 
yield the heat feedback 


Merkle, Turk, • The heat release in the 
and Summerfield gas phase is made up of 
(1969) two parts: diffusion- 

(Ref. 11) controlled flame in the 

entire gas-phase reaction 
zone and a kinetics- 
controlled thin flame at 
the peak temperature 
location 


• Flame description approach 

• Terms A, B, C in Eq. (4) 
considered 

• Quasisteady gas-phase energy 
equation integrated to yield 
the heat feedback 


Wooldridge 
and Marxman 


(1970) (Ref. 12) 


• Negligible subsurface 
reactions 

• Gas-phase reaction rates 
expressed as two delta 
functions at x = 0 and 


• Flame description approach 

• Terms A, B, C in Eq. (4) 
considered 

• Quasisteady gas-phase 
energy equation with two 
flames model to obtain 
the heat feedback 


(Table continued 
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Flame Models 


Important conclusions 
by investigators 


Comments 


• For variable T s the region of stable 
burning is increased as compared to the 
constant T s case. The coupling between 
the amplitude of r^ and frequency of 
pressure variations becomes stronger 
with variable T 

• When pressure changes sharply, T g 
changes only slightly, but 4> c g and r^ 
change significantly 


• Quantitative predictions depend 
upon the accuracy of the steady- 
state burning data used 

• Effects of variable T s on stability 
domain r^ extinction and ignition 
phenomena are important; 

hence, T g should be treated 
as a variable 


• Low n propellants are hard to extinguish. • T g may be varying during a 

High n propellants under low values of transient 

p atn b/P are no easier to extinguish 

• Lowering the surface temperature or 
raising the heat of sublimation makes the 
propellant easy to extinguish. 


• Propellants with a high rate of surface 
heat release are intrinsically unstable 

• Flame temperature overshoots are predicted 
by the model; the higher the surface heat 
release rate, the higher the overshoot 

« The amplitude and phase of Tf depend 
critically on the frequency of pressure 
variation. Both in-phase (isentropic) 
and out-of-phase (isothermal) behavior 
was predicted for different dp/dt. 


• The concept of quasisteadiness 
in the gas phase is developed 

• Power law for surface pyrolysis 
rate may be replaced by 
Arrhenius type of rate equation 


• The occurrence of extinction was seen to 
depend more strongly on the lower end of 
the depressurization curve 

• Extinction boundary for a given propellant 
is established as a straight line on a 
linear plot of initial depressurization 
rate vs initial pressure 

• As extinction is approached, the kinetics 
becomes the controlling factor as opposed 
to diffusion-controlled flame near steady 
burning 

• Pressure exponent n Is an important para- 
meter in determining the extinction 
behavior 


• Choice of weighting factors 
in combining the diffusion- 
and kinetics- 

controlled parts of the gas- 
phase heat release depends 
upon propellant formulation 

• Predicted extinction boundary 
is in good agreement with 

the data obtained 


• Oscillatory burning was predicted for 
depressurization rates approaching the 
critical value. Beyond the critical rate, 
the burning rate oscillations are less 
intense 

• At depressurization rates an order-of— 
magnitude lower than the critical rate, 
oscillations are not predicted 


• The two flame sheet model may 
be valid for a limited number 
of propellants. The 
relative magnitude of heat 
release in the two flames 

is not well known 

• The model could not predict 
observed undershoots in 
pressure 


on next page) 
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Table 2 (cont.) Quasisteady 


Authors 

Basic assumptions 

Theoretical Formulations 

Sumraerf ield , 

• Quasisteady gas-phase 

• Zel'dovich approach 

Caveny , 

and surface reaction 

• Homogeneous and 

Battista, 

• Propellant and flame 

isotropic propellant 

Kubota , 

system is considered 

with a uniform 

Gostintsev , 

adiabatic and not 

effective surface 

and Isoda 

influenced by external 

temperature 

(1971) 

(Ref. 13) 

force 

• Functional relationships 
given by Eqs. (47-51) used 


Krier 

• 

e « 1 

• dp/dt approach 

(1972) 

• 

c - c - c 

• Terms A, B, C in Eq. (4) 

(Ref. 16) 

• 

cfiange^in pressure 

considered 



w.r.t. time is 

• Gas-phase heat feedback 



monotonic 

expression based upon 


• 

Heterogeneous 

KTSS y model 



propellant considered 

• Small perturbation 




analysis used to derive 




an explicit burning 




rate law 

Kooker and 

• 

Homogeneous propellant 

• Flame description 

Zinn (1973) 

• 

Single-step chemical 

approach 

(Ref. 17) 


reaction 

• Terms A, B, C in Eq. 


• 

The surface heat 

(4) considered 



release contribution to 

• Heat feedback to the 



heat feedback is given 

propellant surface is 



as a function of r^ 

determined from the 



and Q while the 

contribution of both 



gaseous flame heat 

surface and gas-phase 



feedback is expressed 

heat release 



in terms of r , Q 




, D 9 

and 0) 



Levine 

and 

• Gas-phase reaction rate 

• Flame description model 

Culick 

(1974) 

is a function of 

• Terms A, B, C from 

(Ref. 

18) 

pressure only and more- 

Eq. (4) considered 



over the functional 

• Gas-phase energy 



relationship between 

equation is integrated 



the reaction rate and 

and steady-state 



pressure is the same 

relationships are used 



for steady-state and 

to obtain reaction 



quasisteady situations 

rate as a function of 
pressure 
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Flame Models 


Important conclusions 
by investigators 


Comments 


• In the absence of T s 0 = T g 0 (r Q ,p 0 ) 
data, an approximate pyrolysis law may 
be employed 

• Stability and extinction character- 
istics are mainly dependent upon the 
thermal gradient in the solid phase 
at the surface 

• For large E s , small changes in T s 
correspond to large changes in r^. 
Also for high values of E s and Op 
the depressurization rate required 
for extinguishment is decreased 


• The proportionality factor tj> is not 
assumed to be a constant for every 
propellant as opposed to previous 
dp/dt models 

• 4* depends on the surface heat 
release, pyrolysis exponent, 
burning-rate pressure exponent, and 
the ratio of the instantaneous to 
initial pressure 


• The pressure coupled transient 
burning model predicts large 
amplitude burning rate spikes under 
certain conditions. This suggests 
re-examination of the quasisteady 
flame assumption 

• Above a certain threshold amplitude 
of chamber disturbance, the mass 
generation oscillation gain phase 
coherency with the pressure 
oscillations leading to sharp 
burning rate spikes 

• Thermal wave near the surface is 
crucial in determination of r^ 

• The mass burning rate response grows 
increasingly nonlinear as the 
amplitude of a sinusoidal pressure 
oscillation grows 

• Intrinsic stability boundary defined 
in terms of dimensionless quantities 
that are functions of E s , T g , T^ , 

C c , C g , and Q s 

• As surface activation energy increases, 
stability decreases 

• At a higher amplitude pressure 
disturbance, the burning rate runaway 
can be invoked 

• Magnitude and phase of burning rate 
response depend strongly on the 
amplitude of pressure oscillations 


• Zel^dovich method is superior 
to other methods if accurate 
steady-state burning rate data 
are available for constructing 
a Zel'dovich map 

• Zel'dovich model can be applied 
to different propellants with 
little or no modifications 

• Heat feedback to the solid 
phase can be determined without 
having a detailed knowledge 

of the gas-phase behavior 


• This is an interesting 
small perturbation 
analysis which appears to 
be valid for slow pressure 
transients 

• The final burning rate 
expression may need 
experimental verification 


• The model is very similar 
to KTSS model except for 
the heat feedback to the 
solid phase. The 
difference in heat feedback 
is due to the assumption 

of different specific 
heats for the solid and 
gaseous phases and a 
different surface 
pyrolysis law 

• This work represents an 
interesting example of the 
transient burning analysis 
coupled with the dynamic 
analysis of a rocket 
motor 

• The model is similar to KTSS 

• Interesting results concerning 

the stability boundary were obtained 

• Some difficulties in obtaining 
the kinetic data needed in 

the Arrhenius law to relate 
the burning rate with T s and 
p are likely to be encountered 
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Chapter 12 


Extinction Theories and Experiments 


Luigi De Luca* 


Centro di Studio per Ricerche sulla Propulsione 
e sull’Energetica, Milano, Italy 


Abstract 

Experimental results obtained by a wide spectrum of 
quenching techniques are reviewed, with particular reference 
to dynamic extinction. Emphasis is given to combustion 
processes of thermokinetic character (velocity coupling is 
not considered). A rather general model is proposed for 
numerical computation of burning transients (including 
extinction by fast depressurization and/or deradiation) of 
monodimensional, heterogeneous, thin deflagration waves. 

The.' 1 flame models are resorted to; the validity of 
sever of them is discussed and the relevance of the 
Zeldov :h approach is assessed. An approximate but nonlinear 
burning stability theory is presented capable of predicting 
static nd dynamic extinction boundaries for finite-size 
disturbances. Both boundaries are found to be property of 
the burn'ng propellant (but are affected by the operating 
conditions) . 


Nomenclature 

a, = volumetric optical absorption coefficient, 

cm -1 

Am = constant used in MTS flame model (see Sec. V) 


Copyright © American Institute of Aeronautics and Astro- 
nautics, Inc., 1983. All rights reserved. 

♦Professor Associato, Aerospace Propulsion, Dipartimento di 
Energetica, Politecnico di Milano. 
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B P 


C 

d 
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f(X,A ) 


F 0 

9 ( T 5 0c “ 0c ) 

H 


k 

ill 

m 

n 


Nt 

P 


P 

^c,s 

^g.s 

<1 


*s 

Q 



r b 


= constant used in nondimensional thermal 
conductivity law 

= constant used in MTS flame model (see Sec. V) 

= nondimensional pressurization rate 
coefficient (see Table 4) 

= nondimensional radiation rate coefficient 
(see Table 4) 

= specific heat, cal/g-K 
= layer thickness, cm 

= E s /®/T s re f, constant used in LC flame model 
(see Sec. V) 

= activation temperature at the burning surface;, K 
= activation temperature in the gas phase, K 

= static restoring function (see Sec. VI) 

= function depending on optical properties of 
condensed phase and external radiation source 
(see Sec. V) 

= Io/<Pref> nondimensional radiant flux 
intensity impinging on the burning surface 
= nonautonomous function (see Sec. VI) 

= Q s /Q re fj nondimensional surface heat release 
= radiant flux intensity impinging on the 
burning surface, cal/cm 2 -s 
= thermal conductivity, cal/cm-s-k 
= mass flow rate, g/cm 2 ’S 
= average molecular weight, g/mole 
= exponent in ballistic burning rate law; also 
order of the approximating temperature 
disturbance polynomial profile (see Sec. VI) 

= transparency factor (see Sec. V) 

= ammonium perchlorate percent of propellant 
composition, %(by weight) 

= pressure, atm 

= 68 atm, reference pressure, atm 
= (p c s /cp re f , nondimensional heat flux conducted 
away in condensed phase 

= g^s/TYef* nondimensional heat flux feedback 
from gas phase 

= nondimensional heat flux lost from 

burning surface 

= cp s /<p re f, nondimensional net heat flux 
released at the burning surface 
= Qf/Qref’ nondimensional flame heat release 
= flame heat release, cal/g 
= c c.ref( T s,ref " T ref)’ reference heat, cal/g 
= net surface heat release (positive if 
endothermic), cal/g 
= burning rate, cm/s 
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r b,ref 

3 


01 

t 

T 


^ref 

Ts,ref 

u 


(^x)c,: 


U 

w 

x 

X 

Z 

a 

3 

6 


6(X - X f ) 

e A 

0 


A 

P 

x 

T' 


<P, 


C,s 


?g»s 


= rb(P re f), reference burning rate, cm/s 
= surface optical reflectivity, % 

= rb/ r b,ref> nondimensional burning rate 
= universal gas constant, cal/mole-K 
= time, s 
= temperature, K 

= 300 K, reference temperature, K 
= T s( p ref)> reference surface temperature, K 
= nondimensional finite-size disturbance of 
temperature (see Sec. VI) 

= gas velocity, cm/s 

= nondimensional finite-size disturbance of 
surface thermal gradient at the condensed 
phase side (see Sec. VI) 

= Ug/rb jre f, nondimensional gas velocity 
= power’of KTSS pyrolysis law (see Sec. V) 

= space variable, cm 


x /( ct c,ref/ r b ref)> nondimensional space 
variable ’ 

constant used in KZ flame model (see Sec. V) 
thermal diffusivity, cm 2 /s 
reaction order of KZ flame model (see Sec. V) 
d /( a C,ref/ r b ref)’ nondimensional layer 
thickness 5 

Dirac delta function located at the flame 
position 

surface optical emissivity, % 

( T - T re f)/ ( T s re f " T ref)’ nondimensional 
temperature ’ 

nondimensional thickness of disturbance 

thermal layer (see Sec. VI) 

minimum temperature for occurrence of 

chemical reactions in the condensed phase 

matching temperature for surface pyrolysis 

laws (see Sec. V) 

surface temperature 

wavelength, urn 

density, g/cm 3 

t/(ac s ref/n§ re f), nondimensional time 

(^c, ref/kg) (Cg/C c 

, ref) (ft/ Pg) 5 

nondimensional time parameter 
nondimensional average diffusion time 
parameter used in KTSS flame model 
(see Sec. V) 


= T/ \/T, \ nondimensional temperature 

= heax f lux’conducted away in condensed phase, 
cal/cm 2 *s 

= heat flux feedback from gas phase, cal/cm 2 -s 
= heat flux lost from burning surface, 
cal /cm 2 - s 
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^ref p c^c,ref r b,ref(^s,ref - ^ref ) » reference heat 

flux, cal/cnr-s 

<i> = P c rt)Q s , net heat flux released at the 

s burning surface, cal/cm 2 -s 

¥ = P/P re f, nondimensional pressure 

cb = mass reaction rate per unit volume, g/cm 3 -s 

uyi = constant used in MTS flame model (see Sec. V) 

co^-j = constant used in MTS flame model (see Sec. V) 

Subscripts and Superscripts 


a 

c 

f 

9 

i 

s 

v 

cr 

di 

ki 

re 

th 

ref 

DL 

DAM 

OSC 

A 

o 


= optical absorption layer 
= condensed phase 
= final ; also flame 
= gas phase 
= initial 
= surface 
= vaporization 
= crystalline 
= diffusion 
= kinetic 
= reaction 
= thermal 
= reference 
= deflagration limit 
= damped oscillations 
= self-sustained oscillatory 
= penetration depth 
= spectral 

= steady-state or average value 
= at the burning surface 
= far upstream, i.e., ambient value 


Abbreviations 


AFSC 

AMS 

AP 

CTPB 

CTPIB 

DB 

GDF 

HTPB 

KTSS 

KTSSL 

KTSSN 


Air Force System Command 

Aerospace and Mechanical Sciences Department 

ammonium perchlorate ( NH4C1 O4 ) 

carboxyl terminated polybutadiene 

carboxyl terminated polyisobutylene 

double-base 

granular diffusion flame 
hydroxyl terminated polybutadiene 
Krier-T 1 i en-Si ri gnano-Summerf i el d 
Krier-T' ien-Sirignano-Summerfield linear 
flame model 

Krier-T' ien-Siri gnano-Summerf i eld nonlinear 
flame model 
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KZ 

= Kooker-Zinn 


LC 

= Levine-Cul i ck 


MTS 

= Merkle-Turk-Summerfield 

NC 

= nitrocellulose 


ODE 

= ordinary differential 

equation 

PBAA 

= polybutadiene acrylic 

acid 

PBAN 

= polybutadiene acrylic 

acid acrylonitrile 

PDE 

= partial differential 

equation 

PU 

= polyurethane 


PVC 

= polyvinylchloride 



I. Introduction 

Extinction of solid rocket propellants is important 
from both technological and scientific standpoints. 
Controlled thrust termination is often a necessity, e.g., at 
staging times for satellite launchers or when the rocket has 
reached its desired velocity. Stop/restart capability of a 
solid-propellant rocket motor largely improves its 
flexibility in operations; lack of flexibility is indeed one 
of the main disadvantages of solid rocket motors with 
respect to liquid or hybrid propellants. A successful 
stop/restart operation requires terminating combustion 
rapidly on command but leaving the propellant grain ready 
for a new ignition. Quenching by fast depressurization or 
deradiation and thermal quenching by a coolant injector are 
the most attractive techniques. Although successfully 
applied in different environments, the scientific 
understanding of these techniques is surprisingly 
unsatisfactory. Unsteady as well steady burning theories 
hive yet to be properly formulated and verified. 

The purpose of this chapter is to offer such a theory. 
However, emphasis is given to solid-propellant combustion 
per se; velocity coupling with the fluid dynamic field of 
rocket combustion chamber is out of the scope of this 
chapter. The reader is urged to see the intimate connections 
between extinction and other burning problems. A good 
physical grasp will help substantially in understanding the 
various analytical formulations proposed in the literature 
and to judge the important experimental contributions. 

The books by Williams, 1 Williams-Barrere-Huang, 2 and 
Price-Cul ick 3 are strongly recommended to readers as 
excellent introductions and references texts in the areas 
respectively of general combustion, solid-propellant rocket 
motors, and solid-propellant burning. Technology and 
research on solid-propellant burning have been developed in 
USSR along very autonomous and successful lines for the last 
40 years. This is basically due to the pioneering and 
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extraordinarily advanced work performed by Ya.B. Zeldovich 
during World War II. Fortunately, two monographs are 
available containing detailed discussions of Soviet 
progress. The first, by Novozhilov, 4 was published in Moscow 
in 1973 and the second, by Zeldovich-Leypunskiy-Librovich, 5 
was published in Moscow in 1975 but is based on a short 
course given by Librovich 6 in 1970 during a stay at 
Princeton University. Finally, a collection of specialized 
articles on experimental techniques in solid-propellant 
combustion was recently published. 7 This book also should 
be of great interest to readers. 

The plan of presentation is the following. A technical 
background on the meaning of extinction, static vs dynamic 
extinction, and various techniques to practically achieve 
extinction is given in Sec. II. A review of theoretical and 
experimental contributions available in the open literature 
is given in Secs. Ill (fast depressurization and fast 
deradiation techniques) and IV (other quenching techniques). 
A mathematical statement of the problem, as accurate as 
possible within the presently available experimental 
information, is discussed in Sec. V. This formulation is too 
complicated to be solved analytically, so numerical 
integration is required. An approximate, but analytically 
very tractable, way to attack the problem is shown in 
Sec. VI. This special formulation will be used not to find 
actual solutions but to predict the behavior of solutions 
under steady or unsteady conditions. In particular, 
nonlinear extinction boundaries will be defined and 
determined. These approximate analytical predictions will be 
experimentally and numerically verified in Sec. VII. Finally, 
conclusions and suagestions for future work are given in 
Sec. VIII. 


II. Technical Background 

Consider a monodimensional strand of solid rocket 
propellant, subjected to a radiant flux impinging with 
instantaneous intensity (l-r^)*I 0 (t) at its surface, burning 
with instantaneous rate r[>(t) in a vessel at instantaneous 
pressure P(t). See the schematic in Fig. 1. It is assumed 
that a uniform pressure exists in a container with the 
instantaneous pressure level exclusively controlled from the 
exterior. Radiant flux is supposed to be provided by a 
continuous wave, external source (e.g., laser) of 
adjustable intensity and known properties. The ambient 
temperature is taken as constant in time, but it can be 
changed parametrically. Pressure, radiant flux, and ambient 
temperature will be called (external) controlling parameters 
of tne burning processes. 
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For a fixed set of controlling parameters, the strand 
of the solid propellant is usually observed to burn 
steadily. If the controlling parameters change in time, the 
strand will usually burn with a variable but finite rate. 
Extinction implies quenching of all chemical activity of 
the strand; roughly this corresponds to the zero burning 
rate. Extinction can be achieved statically or dynamically. 
Static extinction means that, for a given set of controlling 
parameters, the trivial zero burning rate solution is the 
only allowed stable-steady solution. Dynamic extinction 
means that extinction occurs following an attempt to 
perform a combustion transition from some initial to some 
final set of controlling parameters for which a final 
stable-steady burning solution exists. Under these 
circumstances, extinction is due to an excessively fast 
change of the controlling parameters with respect to the 
response time of the solid propellant (time required to 
adjust itself to the new set of operating conditions). 

These ideas will be further dealt with in what follows. 

Static extinction is therefore associated with 
excessively low val ues of pressure (pressure deflagration) 
and/or ambient temperature and/or large values of heat 
exchange with the exterior. Dynamic extinction is associated 
with fast changes of pressure (depressurization or dP/dt 
extinction) and/or heat exchange (usually deradiation, i.e., 
radiation input decrease). 



Fig. 1 Physical problem and energy balance at the surface. 
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Typical means to achieve the extinction of burning 
propellants practically are: fast depressurization, fast 
deradiation, injection of flame inhibitors, contact with 
heat sinks, reduction of the sample dimensions below some 
critical value, or any combination of these methods. Fast 
depressurization and flame inhibitor injection are 
currently used to intentionally stop rocket motors. Other 
methods are mainly relevant in improving our basic 
understanding of combustion, although useful applications 
are also conceivable. Extinction by depressurization may be 
realized, as a particular case, by lowering the pressure 
(no matter how fast or slow) below the deflagration limit; 
but, in this case, reignition of the rocket motor is not 
permitted. 

It is not always obvious to distinguish between static 
and dynamic extinction. This is not a mere academic 
exercise, for different physical mechanisms and different 
boundaries apply. Unfortunately, great confusion exists on 
this point in the competent literature. While the static 
extinction boundary has been recognized since the beginning 
as a property of the propellant, the dynamic extinction 
boundary is usually considered to depend on the transition 
parameters (e.g., initial and final pressure, 
depressurization rate, experimental apparatus, type of 
forcing function, etc.). The author 8 showed in 1975 that 
the dynamic extinction boundary also is a property of the 
propellant, fixed by the actual set of operating 
conditions, but independent of initial values, experimental 
apparatus, type of forcing function, etc. For example, a 
parabolic deradiation in time to zero flux intensity at 
10 atm and an exponential depressurization from 30 to 10 atm 
without radiation assistance feature the same dynamic 
extinction limit (for a given propellant). A first detailed 
report of this theory and some numerical verifications were 
included in the Ph.D. thesis of the author. 9 An up-to-date 
exposure of the theory, with further extensions, is given 
in Ref. 10. This also includes a wide range of numerical 
verifications and some preliminary experimental checks. 

In the author's theory 8 " 10 extinction (static and 
dynamic) is studied within the framework of a general 
burning stability theory. Extinction boundaries, for 
static and dynamic burning as well, are provided for 
nonlinear combustion of thin + heterogeneous deflagration 

+ T his nomenclature was introduced by Dr. M. Summer-field to 

emphasize the negligible time scales characteristic of heat release 
both in the gas and condensed phases as compared to thermal wave 
relaxation in the condensed phase. This is the physical basis for 
introducing the concept of partially quasi steady flames. For 
details, consult Chapter 11. 
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waves subjected to finite-size disturbances. The approach 
has been applied so far to several thermal flame models 
with a quasisteady gas phase and no distributed reactions 
in the condensed phase. The same approach can be applied to 
the Zeldovich model as well. 

Before going ahead, the following terminology should 
be well understood. The expression "dynamic extinction" is 
used throughout this chapter with reference to the 
transient burning rate effect when extinction is observed. 
The expression "dynamic (or static) burning stability" is 
used to mean the inclusion (or not) of a forcing function 
when burning stability analysis is carried out. 

In principle, both static and dynamic burning 
stability have to be analyzed by nonlinear equations and 
finite-size disturbances. This is particularly important for 
dynamic extinction, which is related to the combustion 
transition between two equilibrium configurations that are 
usually drastically different. Static stability, being 
related to an equilibrium configuration stability, can also 
be analyzed by means of linearized equations and 
infinitesimal disturbances. But the validity of the results 
is restricted: if instability is found, the fate of the 
burning propellant is not predictable (incipient 
instability); if stability is found, it is limited to 
infinitesimally small disturbances (linear stability). 

Among the very numerous contributions (see, e.g.. 

Refs. 11-47) to fast depressurization extinction, the only 
paper which clearly recognized the difference between 
static and dynamic extinction limits was offered by T'ien 20 
in 1974. However, a totally different approach was 
followed and not all the conclusions in this excellent paper 
are shared by the writer. Details will be given later. 

Fast deradiation extinction, being a recent discovery, 
has drawn much less attention (see, e.g., Refs. 48-53). The 
intimate connection between dynamic extinction by fast 
depressurization and fast deradiation was not recognized by 
anyone before Ref. 8 appeared. 

III. Literature Survey on Dynamic Extinction 

Although much discussed in the literature, 
solid-propellant dynamic extinction still does not appear 
to be fully understood from a scientific point of view. The 
erroneous application of the quasisteady gas-phase 
assumption, the strong limitations of linearized theories, 
and the empirical nature of several of the proposed dynamic 
extinction criteria are the most serious formal drawbacks. 
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Furthermore, a rather fundamental but subtle error, 
concerning a conceptual confusion between static and dynamic 
extinction, is seen to permeate the literature. As explained 
in the previous section, static and dynamic extinction are 
different in nature. Static extinction received little 
attention in recent years; a good review can be found in 
standard textbooks (e.g., see Refs. 1-3). The mechanism 
usually accepted, but unproved, to explain static extinction 
invokes radiative heat loss from the burning surface. This 
is questionable; in any event, there is no doubt that static 
extinction is not directly related to changes in the 
externally controlling parameters. Dynamic extinction may 
occur under a variety of conditions. However, only dynamic 
extinction by fast depressurization appears largely 
analyzed. This is due to both its technological importance 
and the fact that dynamic extinction by fast deradiation is 
a recent finding. 

Theoretical Results on Dynamic Extinction 
by Fast Depressurization 


Theoretical results are reviewed prior to experimental 
results because the latter look scattered and may be 
misleading for unexperienced readers. Although basically 
experimental in nature, the work of Ciepluch* 3 ' 13 is 
recalled first since this was the starting point for all 
successive works. 

In 1961 Ciepluch conducted one of the first systematic 
experimental studies of depressurization transients in a 
laboratory combustion chamber closely simulating conditions 
of an actual motor. Fast depressurization was obtained by 
suddendly opening a chamber vent hole. Initial chamber 
pressure in the range of 34-82 atm and ambient pressures 
down to 3.5 mm of mercury were explored. The burning 
transient was followed by measuring simultaneously 
combustion luminosity (primarily in the visible range) and 
chamber pressure. Several ammonium perchlorate (AP)-based 
composite propellants were tested; few data on double-base 
(DB) compositions were also reported. The following 
conclusions were reached: 

1) A critical depressurization rate exists below which 
burning continues and above which extinction occurs. 

2) The critical depressurization rate increases 
linearly as the chamber pressure prior to venting increases. 

3) The critical depressurization rate is substantially 
affected by the propellant composition. 

4) Reignition may follow extinction if the 
depressurization is not too fast and/or nozzle back pressure 
is not too low. 
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A large number of papers was offered after this study; 
an important critical review was given by Merkle et al. 14 in 
1969. Since the pressure decay in Ciepluch's experiments was 
exponential, the maximum depressurization rate occurred at 
the very beginning of the transient burning. This was 
erroneously interpreted to suggest a tight dependence of 
dynamic extinction on the initial depressurization rate. 
Merkle et al . recognized that dynamic extinction depends on 
the entire P(t) curve, corrected several mistakes that had 
crept in the literature, and furnished a new quasisteady 
flame model (see Sec. V). However, Merkle et al . did not 
formulate an extinction criterion. For numerical simulation 
purposes only, a critical value of surface temperature 
(T s = 600 K) was empirically picked up, below which chemical 
reactions are considered too weak to sustain deflagration 
waves . 

A critical review of mathematical expressions of the 

type 


r b (t > 
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n a c dP(t) 
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supposed to describe transient burning rate of solid 
propellants was offered by Krier 15 in 1972. The quantity ip 
was considered constant by previous investigators: 


i|j = 1 by Paul et al . 16 

ip = 1/2 by Parker and Summerfield 17 

ij; = 2 by Von Elbe et al. 18/19 


The above expression and the the following equation 
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for critical depressurization rate are still being used (in 
particular the version with ip = 2) but erroneously. The use 
of Eq. (2) was already proved wrong, on physical grounds, by 
Merkle et al . 14 Krier analytically showed that i|i depends on 
the burning surface properties and pressure jump; this 
function can be computed a priori. Nevertheless, 
relationships of the type of Eq. (1), being restricted to 
small values of dP/dt and small excursions of r^ ( t ) with 
respect to are just not applicable to dynamic 
extinction problems. 

A paper by T'ien 20 in 1974 is the only one aimed 
directly at establishing an extinction criterion for fast 
depressurization. T'ien argues that heat losses are the 
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mechanism for both static and dynamic extinction of solid 
propellants; this view is not fully shared in this instance. 
However, T'ien concludes that for depressurization 
transients, if the instantaneous burning rate drops below 
the unstable burning rate solution at the final pressure, 
extinction will occur. T'ien derives his quantitative 
criterion from another study 21 by him of flammability limits 
of premixed flames under the influence of environmental 
disturbances. 

A somewhat similar result has been found in this 
investigation, 8 " 10 but by a completely different approach. 
Several other publications 22 " 26 appear questionable. Mongia 
and Ambs 22 assumed a quasisteady heat feedback with a 
variable surface heat release; both the mathematical 
formalization and the physical motivations are questionable. 
However, Mongia and Ambs rightly recognized the importance 
of the finite time associated with the condensed-phase heat 
release and its dependence on the instantaneous properties 
near the burning surface. The importance of condensed-phase 
reactions was first stressed by Marxman and Wooldridge, 23-25 
but their treatment also is suspect as already pointed out 
by Merkle et al. 14 Suhas and Bose 26 relaxed somewhat the 
quasisteady gas-phase assumption by taking into account the 
unsteady gas-phase continuity equation in the otherwise 
standard KTSS linear heat feedback law. The choice of this 
flame model is surprising, since the linear heat feedback 
law of KTSS was not intended to be used for extinction 
transients; in any event, the mathematical approach and the 
physical motivations are questionable. However, Suhas and 
Bose recognized the importance of the finite time associated 
with the gas-phase processes. Likely, the most important 
area of investigation in solid-propellant combustion in the 
near future will focus on these questions of condensed-phase 
reactions and unsteady gas phase (thick vs thin flames). 

The line of research evolved within the framework of 
the Zeldovich 27 ’ 28 method is of limited value from the point, 
of view of dynamic extinction. In the original Zeldovich 
model (constant surface temperature), extinction is assumed 
to occur when the instantaneous thermal state of the 
condensed phase can no longer be matched to the allowed 
values of surface temperature and thermal gradient at the 
condensed side of the burning surface. For example, in 1964 
Istratov et al. 29 used an integral method to determine an 
approximate solution to the condensed-phase energy equation 
of a propellant burning with a constant surface temperature. 
Dynamic extinction following instantaneous or exponential 
pressure decay was taken to occur when the surface thermal 
gradient on the condensed side exceeds some critical 
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(maximum) value beyond which no solution can be found. This 
is not acceptable, since no prediction can be made (without 
further analysis) about dynamic combustion for burning rates 
outside the Zeldovich allowed range. In 1967 Novozhilov 30 
considered variable surface temperature and recognized that 
dynamic combustion is permitted also in a range of 
parameters where statically stable solutions are not found. 
To explain dynamic extinction the concept was then 
introduced of limiting points, at constant pressure, 
corresponding to finite values of burning rates and surface 
thermal gradients on the condensed side. Combustion, steady 
or unsteady, is considered impossible beyond these limiting 
points. The latter should be experimentally established, 
possibly under nonstationary burning conditions. This 
criterion, if feasible, would rely on very delicate 
experimental results. However, the existence of the limiting 
points was never really proved. Moreover, both models 
(constant and variable surface temperature) assume a sudden 
occurrence of extinction: the burning rate immediately prior 
to extinction is of the order of magnitude of the 
corresponding steady value. In general, this does not seem 
plausible from a physical standpoint. 

Summerfield and co-workers 31 * 32 checked the 
possibility that crossing the burning stability boundary, 
evaluated via the Zeldovich method, is sufficient to produce 
dynamic extinction. The answer was negative, since they 
found that "the dynamic conditions of extinguishment tend to 
shift the stability line" (Ref. 31, p. 257). Finally, in 1973 
Novozhilov (Ref. 4, p. 216) observed that "for the 
calculation of unsteady conditions in the unstable region it 
is necessary to draw on certain schemes of combustion, which 
make it possible to predict the properties of propellants 
beyond the (Zeldovich) stability limit." 

Further work by Soviet investigators 33 ' 37 offered fresh 
theoretical considerations, but failed to define a 
physically sound extinction criterion. In 1972 Frost 33 
considered the case of the surface temperature depending 
only on the mass burning rate and reached conclusions 
similar to those obtained by Zeldovich for constant surface 
temperature (extinction due to impossibility of matching 
the temperature distributions in the gas and condensed 
phases). Frost and Yumashev 34 later studied the problem of 
dynamic extinction by depressurization by numerical 
integration. They concluded that: 1) introduction of special 
extinction conditions (limiting points) is not required in 
order to get extinction; 2) burning rate during extinction 
changes smoothly; and 3) the passage of the transient 
burning process outside the Zeldovich limit of stability 
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does not necessarily imply extinction. Frost and Yumashev 35 
in a successive work in 1976 reviewed the Princeton 
papers 31 ’ 32 and formulated criticism similar to that stated 
above; they emphasized that the Zeldovich stability boundary 
is valid only for stationary combustion and has no direct 
bearing on unsteady processes; however, dynamic boundaries 
were not provided. 

Experimental Results on Dynamic Extinction 
by Fast Depressurization 


Experimental results are often ambiguous to interpret 
due to the interplay and overlapping of several factors; 
attention is preferably focused on data collected from 
laboratory burners (ranging from depressurization strand 
burners to simulated rocket combustion chambers) rather 
than actual rocket motors where fluid dynamic effects may be 
dominant. However, even results from laboratory burners are 
not easy to compare due to implementation of different 
extinction criteria, diagnostic techniques, and operating 

conditions; to scattering of results; and to confused 
theoretical guidelines in data handling. 

The pioneering work by Ciepluch 11-13 was summarized at 
the beginning of the preceding subsection. Recall that the 
critical boundary between (permanent) extinction and 
continued burning was found with a go/no-go technique to be 
a straight line in the dP/dt vs P-j (initial pressure) 
linear plot. Experimental data were provided, among others, 
by Von Elbe and McHale 19 in effort to substantiate 
V on Elbe's theoretical predictions. 18 They tested three 
AP-based composite propellants in a depressurization strand 
burner (300 cm 3 internal volume) furnished with a frangible 
diaphragm (ruptured by a solenoid-driven plunger) and 
orifice plate to control the depressurization rate. Flame 
luminosity in time was monitored with a photodiode 
simultaneously to pressure decay (see Fig. 2). Initial 
pressures of 33 - 5 atm were used. Von Elbe and McHale 
plotted dP/dt vs P at extinction (as determined by zero 
luminosity); the critical boundary was found to be straight 
on a Ig/lg plot. 

Merkle, Turk, and Summerfield 14 produced a rather 
complete set of data by systematically testing several AP 
composite and one catalyzed DB propellants. A special 
laboratory combustor (see Fig. 3) was designed to minimize 
erosive burning effects and to cause monodimensional 
"cigarette" burning of the sample. Fast pressure decay was 
obtained by rupturing a double-diaphragm system. The exhaust 
gases initially pass through both a primary (large) nozzle 
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and a secondary (small) nozzle; the small nozzle controls 
the chamber pressure as long as the diaphragms remain in 
place. When the diaphragms are removed, the small nozzle 

also becomes ineffective since it was located in the 
double-diaphragm section. By properly combining nozzles of 
different diameters, the initial pressure level as well as 
the depressurization rate could be varied. Pressure and 
light emission (as seen by a photomultiplier in the visible 
range) were simultaneously recorded. Extinction was 
considered to occur when zero light emission from the flame 
could be observed. Initial pressures in the range of 75 - 14 
atm were explored. Venting was always to atmospheric 
pressure; because of this, reignition was nearly always 
observed. The following conclusions were reached: 

1) The critical boundary between extinction (permanent 
or temporary) and continued burning was found with a 
go/no-go technique to be always straight in the dP/dt vs P-j 
linear plot. See Fig. 4. 

2) Increasing AP loading from 75 to 82.5% makes the 
propellant more than twice as difficult to extinguish (in 
terms of initial, i.e., maximum, dP/dt). 

3) Increasing AP particle size from 45 to 180 ym 
(unimodal distributions) makes the propellant easier to 
extinguish (for a fixed loading of 75% AP). 



Fig. 2 Typical luminosity and chamber pressure transient records 
during rapid pressure decay (adapted from Ref. 10). 
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4) Little difference was observed when PBAA, CTPB, and 
PU binders (for a fixed loading of 80% AP) were tested. 

5) Aluminum (16 pm particles) addition up to 15% makes 
the propellant slightly more difficult to extinguish (for a 
fixed composition of 77.5% AP/22.5% binder); but the 
opposite is true for P-j < 27 atm. 

6) The tested catalyzed DB propellant (N-5 composition) 
is much easier to extinguish than any of the tested AP 
composite propellants. 

It should be marked that some of the above conclusions 
on AP particle size and binder-type effects may be in 
conflict with other experimental studies in which permanent 
extinction was recorded. Merkle and Summerfield adopted the 
permanent extinction criterion only for tests using 
catalyzed DB propellants, since no visible radiation can be 
detected from DB burning at low pressures. 

Detailed observations on the flame structure of 
composite propellants during depressurization were reported 
by Selzer and Steinz in a series of papers. 39 * 40 They showed 
that, regardless of the depressurization rate, the flame 
intensity (as seen by spectral emissions from OH, NH, CN, Na 
lines and carbon continuum) falls to zero soon after the 
impact of the first rarefaction wave on the burning surface. 
This event is possibly followed by the reappearance of an 
incipient flame, after a time span on the order of the 
condensed-phase thermal wave relaxation time, if the 
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Fig. 3 Variable area combustor for depressurization tests (from Ref. 13). 
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Fig. 4 Required depressurization rate for extinction: experimental 
and theoretical results (adapted from Ref. 13). 


depressurization rate is not too fast. Marked pressure 
oscillations are observed when this secondary flame 
develops, the flame decay being otherwise exponential. The 
authors further claimed that the adiabatic expansion of the 
flame quenches the active gaseous chemical reactions; this 
would explain why the first zero intensity of flame 
radiation is noticed when the instantaneous pressure has 
dropped only to about 70% of the initial pressure. The 
average oxygen/fuel ( 0/ F ) mixture ratio was observed to be 
higher during some part of the transient burning than during 
steady state, due to preferential consumption of AP 
particles exposed on the propellant surface; the binder 
surface looked molten and not thicker than a few microns 
(for depressurization tests from 45 to 1 atm with 
76% AP/24% CTPB composition). The implication is that the 
binder gasification is the first to suffer the effects of a 
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pressure expansion. It was finally confirmed, in agreement 
with Ciepluch 11-13 and Merkle, 14 that conditions at the end 
of the depressurization process, i.e., the final shape of 
the pressure history and the exhaust pressure, can be 
determining in extinction. 

Baer and Ryan 41 > 42 also furnished detailed information 
on the flame structure during depressurization from about 7 
atm to subatmospheric. AP-based composite propellants were 
tested in a rarefaction tube. Infrared spectral emissions 
from H 2 O, HC1 , CO 2 lines and continuum (presumably from 
carbon particles) were detected; transient flame temperature 
was measured by use of an emission-absorption technique at 
the sodium D-lines (propellants were sodium seeded). Results 
obtained on the history of the gaseous mixture composition 
agree with those by Selzer and Steinz mentioned above. 38 
Before the start of the pressure decay, the magnitude of 
the intensity of the spectral bands fluctuates, apparently 
as a result of almost periodic combustion irregularities. 
Intesities decreased rapidly as the pressure dropped and 
were often observed to increase prior to finally dropping 
to zero (for extinction transients). Plotting of H 2 O/CO 2 
intensity ratio, with respect to the corresponding 
steady-state value, indicated that the 0/F ratio increases 
at the beginning of the depressurization but decreases at 
the end, in part as a result of faster oxidizer depletion. 
The authors suggest that the flame might extinguish for a 
rich mixture limit effect, since termination of radiation 
emission (and extinguishment?) occurred as the intensity 
ratio rose above the steady burning value. The flame 
temperature histories reported by Baer, Ryan, and Schulz 41 
are of greatest interest for theoretical modeling. The 
average steady burning temperature prior to 
depressurization was in excellent agreement with computed 
adiabatic flame temperatures . The flame temperature was 
observed to remain practically constant for a short while 
immediately after the beginning of pressure decay, then to 
decrease and possibly feature one or more attempts to 
recover before extinction. Finally, it was noticed that 
small pressure drops at low pressures were immediately 
followed by extinction. 

Park, Ryan, and Baer 42 presented in 1973 another paper 
in which static vs dynamic extinction at low pressure 
(around 1 atm) was experimental ly studied. In this pressure 
range, the two extinction mechanisms tend to overlap each 
other. Several composite propellants were tested. Propellant 
strands were burned in a vacuum chamber while supported on a 
force transducer monitoring their instantaneous weight. 
Extinction was detected from both the instantaneous burning 
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rate (obtained by differentiating the weight vs time record) 
and light emission. The following observations are of 
interest: 

1) Propellants with burning rate catalysts (higher burn 
rate) require higher depressurization rates than the 
corresponding uncatalyzed propellants for extinguishment at 
the same pressure (in the Von Elbe sense). 

2) As depressurization rates are lowered, the 
extinction pressure approaches a constant minimum value for 
each propellant (this value is, however, affected by the 
side burning inhibiting material, ambient gas, and the rate 
of heat loss). 

3) Pressure deflagration limit, measured by a go/no-go 
technique, reveals no effect of the AP particle size for 
hard-to-melt binders (e.g., PBAA) while it decreases 
sharply as particle size increases for easy-to-melt binders 
(e.g., PU). This evidence suggests that AP crystals coated 
with molten polymer cannot participate to surface reactions, 
excepting those large crystals which project beyond the 
molten layer. The effect of molten polymer disappears at 
large AP loading (>80%) since not enough melt is available. 

4) Extinction pressure (in the V on Elbe sense) is 
lowered by increasing ambient temperature (or reducing heat 
losses). 

Further data on propellant composition effects were 
collected by Jensen and Brown 43 by testing AP-based 
composite propellants in two laboratory motors. They 
confirmed the known effects of exhaust pressure level on 
extinction and the overlapping effects of motor geometry. 
Propellants with binders degraded by endothermic thermal 
decomposition (thermally less stable, e.g., PU and CTPIB) 
were more easily extinguished than binders degraded by 
exothermic oxidation (thermally more stable, e.g., CTPB). 

The addition of aluminum made both dynamic extinction and 
reignition easier. 

Data on condensed-phase thermal profiles during 
depressurization were published by Zemskikh et al. 44 Thin 
thermocouples (7-10 ym) were used to monitor the 
temperature history near the burning surface of double-base 
propellants in a laboratory burner. Fluctuations were 
observed for both extinction and reignition runs; large 
temperature drops could be measured following the pressure 
decay. Further data on double-base propellants tested in a 
depressurization bomb were offered by Ivashchenko and 
Komarov. 45 They claimed the importance of the dispersal of 
the reacting condensed layer following the expansion of the 
gas bubbles in response to the rapid pressure fal , . 

Strand and co-workers have been working for years to 
set up a microwave technique with the appropriate time 
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Chapter 13 


Experimental Observations of Combustion Instability 


E. W. Price* 

Georgia Institute of Technology, Atlanta, Georgia 


Abstract 

The general nature of combustor instability in solid 
rocket motors is described, along with the implications for 
motor development programs. Processes contributing to 
stability are discussed as "gain** or "loss" mechanisms. 
Different types of motor instability (bulk mode, transverse 
acoustic mode, etc.) are described and the relevance of 
different gain and loss processes to each type of 
instability is discussed. The stability characteristics of 
different propellants are reviewed. The discussion includes 
illustrative examples and elementary descriptions of 
experimental results and theoretical concepts needed to 
understand trends of stability behavior. 


I. Introduction 

The designer of a solid rocket motor normally has a 
design goal stated in terms of thrust level and duration of 
thrust, or some thrust-time program. The choice of 
propellant, charge geometry and nozzle throat area are 
tailored to meet that objective with an acceptable pressure 
in the motor. To make these choices, the designer uses 
"internal ballistic" equations based on the assumption of 
steady state combustion and flow in the motor. Among the 
equations used is the burning rate law for the propellant, 
which gives the dependence of the burning rate on pressure, 
erosive flow conditions, and bulk propellant temperature. 
(The "law" may be an experimentally determined dependence of 
the burning rate on these variables.) 

Nature is no respecter of analytical approximations 
such as the steady-state assumption, and the designer is 
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often confronted by nonsteady behavior in the motor. The 
ignition transient is an example of nonsteady behavior that 
the designer accepts as an obvious design problem required 
to join the initial unfired state and the operational state 
basic to the usefulness of the motor. Nature also often 
donates to the designer nonsteady behavior he does not want. 
The most common of these is an oscillatory mode of operation, 
in which the pressure and combustion oscillate about a time- 
averaged mean pressure that may, or may not, correspond to 
the expected mean value. The behavior is illustrated 
schematically in Fig. 1. In this illustration, operation 
starts normally and, at some time (usually characteristic of 
the particular motor design), oscillations develop 
spontaneously at a characteristic frequency and grow to a 
large amplitude. In the n example, n the mean pressure is seen 
to rise and remain high until the oscillations decrease. The 
high mean pressure corresponds to an enhanced mean burning 
rate and is accompanied by increased thrust, reduced burning 
time, enhanced heat transfer, and other adverse effects 
associated with vibrations. The consequences may range from 
explosion of the motor, or other modes of outright mission 
failure, to "me^e" reduced reliability or restriction of 
service limits. Whenever possible, the motor developer 
seeks to eliminate oscillatory behavior before a motor goes 
into service, although there are some classic cases where 
this was not done and where serious (and costly) troubles 
developed in service use. When oscillatory behavior occurs, 
it is usually referred to as "combus tion instability," 
although the oscillations would be more correctly attributed 
to instability of the entire combus tor . The phenomenon 



Fig. 1 Pressure-time history illustrates characteristics of 
combustion instability. Growing oscillations are accompanied by 
rise in mean pressure. Time and severity of behavior tend to shift 
with conditioning temperature of the motor prior to firing. 
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results from a very complex interaction of the combustion, 
the combustor flowfield, and the combustor cavity walls. 

Some insight into the practical difficulties of dealing 
with combustion instability can be gained by some selected 
highlights ("low lights"?) of histc^r^ of the problem. Early 
work with energetic propellants ^ 9 posed a number of 
problems with the attainment of predictable and reproducible 
combustion in solid rocket motors (SRM). By 1944, there was 
increasing evidence that some kind of "resonance burning" 
was responsible for many encounters with unpredicted 
excursions in pressure and motor bursts, and design 
modifications were found to control the erratic behavior. 
Not until 1948 did instrumentation become available witjj 
high enough frequency response to resolve the oscillations. 
By then there was a theory for resonance, which involved 
dynamic response of the combustion to the gas oscillations 
in the natural acoustic modes of the combustor. In the 
ensuing 10 years, the measurements made on routine motor 
tests continued to be inadequate to record oscillations, so 
that the primary manifestations of instability were the 
excursions in quasisteady pressure, i.e., anomalies in the 
low frequency response pressure-time curve. Given the 
diverse modes of instability that are encountered in 
practice, the low frequency response instrumentation served 
as little more than a warning light to motor developers. 
However, the accumulated experiences (including specially 
instrumented tests for the research or diagnosis of problem 
cases) did show that instability was dependent on the type of 
propellant — there being no encounters with ammonium nitrate 
or potassium perchlorate composite propellants, but 
significant problems with ammonium perchlorate composites 
and double-base "ballist ites . " Introduction of powdered 
aluminum as a fuel ingredient in the late 1950's greatly 
reduced the incidence and severity of instability when used 
in smaller rocket motors, but it was found later that 
aluminum did not have the same effect in large rocket motors. 

Systematic use was made of high-frequency response 
instrumentation in sogae programs starting with the work of 
Smith and Sprenger, and it soon became evident that 
oscillatory behavior could occur over a very wide frequency 
range and was closely related to the excursions in mean 
pressure seen in routine testing. It was confirmed that 
oscillations occurred in natural acoustic wave modes of the 
combustor cavity, as well as in low frequency "bulk" modes. 
The range of frequencies observed prior to 1960 was from 10 
Hz to over 50 kHz. 

During the 1950’s, combustion instability problems in 
new motor programs were quite common, but were resolved by 
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an array of fixes that were evaluated on a trial-and-error 
basis. Once stable behavior was achieved in a given design, 
such behavior could usually be relied upon to continue 
through production and service, unless some modifications in 
design or propellant were made. 

Toward the end of the 1950 f s, the economics of the 
trial-and-error fix strategy became less acceptable. The 
cost of construction and testing of larger motors, the 
increased complexity of flight vehicles and payloads, and 
the increased vulnerability to oscillations usually demanded 
that oscillatory behavior be completely avoided, or at least 
be corrected with minimal full-scale motor testing. This 
situation was described by the conclusions of one government 
review committee, which recommended that a major expansion 
in research be made to establish a more scientific basis for 
the prediction and control of instability. Since that time 
there has been a substantially higher level of research on 
instability, leading to advances in theory, analysis, and 
experimental methods that deserve far more comprehensive 
description than can be given here. To help the more 
determined reader, a list of review papers on combustion 
instability in solid rockets is provided at the end of the 
chapter . 


II. General Features of Instability 

It was noted earlier that oscillatory behavior can 
develop spontaneously, often at a characteristic time during 
burning. This is associated with the progressive changes in 
geometry, pressure and flowfield that carry the system over 
a stability threshold. Beyond this threshold, flow 
disturbances are strongly enough amplified by the dynamic 
interaction with the combustion and mean flowfield to cause 
the disturbances to persist and to grow in spite of the ever- 
present damping processes. The disturbances are made 
periodic by repeated reflections from the cavity walls and 
can usually be identified with the natural modes of 
oscillation in the combustor cavity. The gas oscillations 
in some typical acoustic modes of a simple combustor cavity 
are shown in Fig. 2a, and the acoustic spectrum of a 
complicated configuration is shown in Fig. 2b. In a 
relatively unstable motor, disturbances may be unstable in 
several modes at once. An instructive way^of summarizing the 
unstable oscillations is shown in Fig. 3. This is referred 
to as a "w^ier fall" diagram produced by a Fourier analysis 
procedure. In a short time interval of the high-frequency 
record from a pressure transducer, the spectrum is 
determined and plotted on a horizontal baseline in the 
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Fig. 3 Mode frequencies — ?, waterfall" diagram for a motor 
firing. 


figure. This analysis is repeated at frequent time 
intervals and displayed at successive locations on a time 
scale, providing a map of amplitude vs frequency over the 
entire period of oscillations. In Fig. 3, at most times 
during burning a low frequency is evident that corresponds 
to the first longitudinal mode of oscillation. Higher 
frequencies corresponding to transverse modes of oscillation 
are also evident. The frequencies of the transverse modes 
decrease with time due to the enlargement of the combustor 
cavity as the propellant burns. The map also shows the 
development and decay of different modes at different times 
during the burning, reflecting the difference in the 
stability of different modes and the shifting balance 
between the amplification and damping as conditions change 
during burning. Repeated tests on a particular motor design 
often give rather reproducible spectral histories. 

The nature of the "shifting balance" between 
amplification and damping can be better understood by 
characterizing the behavior in a single mode as a function of 
amplitude (or mode energy level). This is indicated 
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schematically in Fig. 4a. The solid curve shows the 
energy input to the oscillation per second (due to 
combustion and flow interactions) which would occur due to 
the mode oscillations, as a function of the energy levels 
that might be present in the mode at a particular time during 
burning. The broken curve t, indicates the damping in the 
same mode at the same time. For the conditions of curves t^, 
the damping exceeds the amplification, so that any 
disturbances at the mode frequency decay. Curves t 2~ t 5 
correspond to times progressively later in the burning 
period of the charge; thus, it can be seen that a time is 



c) t d) 


Fig. 4 Acoustic mode energies during oscillations (in a single 
mode). £ is the mode energy level and L are the corresponding rates 
of change due to driving processes (solid lines) and damping 
processes (broken lines); representation is for linear system: 
a) damping and amplification vs mode energy level for successive 
times during burning; b) proportional damping rates and 
amplification rates vs time during burning (slopes of lines in Fig. 
4a); c) conditions for growth and decay of oscillations at 
characteristic times during burning; d) changing test conditions 
1,2,3, leading to unstable conditions for curve 3. Conditions might 
be test temperature, nozzle size, etc. 
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reached for which the amplification exceeds the damping and 
the oscillations will grow. This trend is more concisely 
displayed in Fig. 4b, which shows the trends of the slopes of 
the lines in Fig. 4a as a function of time. Figure 4c shows 
a similar graph for a case where the unstable conditions 
prevail only briefly. Figure 4d describes the trend of Fig. 
4c for a series of progressive changes in design, 
propellant, or operating temperature, illustrating how a 
stable situation (curves 1) can slip over the threshold 
(curves 3) due to such changes. It should be noted that, 
once the oscillations are sustained, they may grow to very 
large amplitude at a rate determined by the difference in E 
for the amplification and damping curves. Oscillations will 
decay away quickly if the amplification later becomes lower 
than the damping, as in Fig. 4c. 

In Fig. 4a, the ratio of £ to £ was assumed to be 
constant, but in real systems nonlinearities give rise to 
the conditions represented schematically in Fig. 5. In Fig. 
5a, a typical amplitude-limiting nonlinearity is 
illustrated. A more complex nonlinearity is shown in Fig. 
5b; systems of this kind are stable to small disturbances, 
but exhibit growing oscillations if a large disturbance 
occurs. As will be seen later, the behaviors implied by 
Figs. 4 and 5 are readily recognized in various observed 
rocket motor instabilities. 

In order to appreciate the '’forces 11 at work in 
combustor instability, it is worthwhile to take a small 
detour and examine the energy levels of the oscillations 
implicit in Figs. 4 and 5 and where this energy might come 
from. Consider a rocket motor with a 100,000-kg (~ 50,000- 
lb) thrust. Such a thrust corresponds to combustion of about 




Fig. 5 Acoustic energy relations for nonlinear systems: 
a) illustration of amplitude limitation imposed by nonlinear aspects 
of damping and amplification; b) illustration of threshold amplitude 
(represented through £ ) and amplitude limiting by nonlinear aspects 
of damping and amplification. 
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500 kg of propellants per second or a chemical energy release 
rate of about 3 x 10^ J/s (3 x 10 1 2 3 4 5 6 7 * 9 W). A rocket motor of this 
thrust would have a combustor cavity approximated by a 
cylinder 8 m long and 1 m in diameter. The acoustic energy 
in a severe first axial mode oscillation of 1-MPa peak-to- 
pe^k amplitude at 7-MPa mean pressure would be approximately 
10 J. Oscillations of this amplitude are often observed to 
develop in 10 cycles of oscillation, which would be about 
0.10 s in a motor of this ,-size. Th\is, the energy gain of the 
oscillations is about 10 J/s (10 W). While the average 
audio hi fi fan will recognize this as an incredibly lajjge 
acoustic power, it is only a minute portion of the 3 x 10 -W 
total power level of the rocket motor. Thus, severe 
instability can result from very modest flow-induced 
fluctuations in the combustion rate (0.033% in this 
example). This comparison may make it a little easier to 
understand why oscillatory behavior happens and why it can 
be so destructive. 


III. Gains and Losses 
A. Processes Contributing to Stability 

In the foregoing, reference was made to amplif iciation 
and damping. There are a number of processes in the motor 
that contribute to amplification and damping. The most 
significant are noted below (space does not permit 
discussion of all in detail). Those processes that are 
usually amplifying are: 

1) Dynamic response of combustion to flow 
disturbances (referred to as "combustion response"). 

2) Interaction of oscillations with the mean flow. 

3) Fluid dynamic "noise" due to vorticity. 
and those processes that are usually damping are: 

4) Viscous damping at walls. 

5) Damping by nonequilibrium of the condensed and 
vapor phase in the flow. 

6) Radiation and convection of the acoustic energy 
through the nozzle. 

7) Absorption of the acoustic energy in the solid 
propellant and motor structure (via stress waves and 
oscillatory heat transfer). 

The processes that are viewed as sources of amplification 
can often act as "negative" amplification, depending on the 
phasing of the oscillations. 

In linear stability theory (e.g., Refs. 10 and 11), the 
various contributions are found to make additive 
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contributions to growth or decay of oscillations, as 

p ' =Pe at sin cot 
cut at a ? t 

= P(e e e ) sin cot (1) 

a = a x + ‘ • • + a 7 (2) 

where P is the amplitude of the pressure oscillation at time 
a i t 

t = 0 and e the proportional rate of change of amplitude 
of the oscillation that would occur if process i were acting 
alone. Terms with positive a^s are called gains and those 

with negative ous are "losses"; when a > 1, the oscillations 

are growing and the system is unstable. For convenience, i 
can be taken to refer to one of the seven contributions 
listed above. 

In most motor instabilities, the behavior is 
significantly affected by several of the items 1-7, but the 
relative importance of each can depend strongly on the mode 
of oscillation, size of motor, type of propellant, etc. This 
point will be raised repeatedly in a later discussion of the 
classes and trends of instabilities in motors. For the 
present, attention will be directed to items 1 and 5. Item 
1 is singled out because it is the central feature of 
combustion instability and item 5 because it is often the 
dominant source of damping. Between the two, they provide a 
good insight into the observational features of instability. 

B. Combustion Response 

The rocket designer is well aware that the burning rate 
of the propellant depends on the pressure and the state of 
the flow near the burning surface. He uses a "burning rate 
law" such as 

r = Cp n (1 + k v/a) (3) 

showing dependence of the rate on pressure (p) and velocity 
(v) in the combustor flow. If the conditions were oscillated 
slowly (e.g., 2 cycles/s), the burning rate would oscillate 
according to this "steady state" burning rate law. For 
ordinary propellants, such ^ combustion response would not 
cause oscillations to grow. 

If the frequency of oscillation is increased 
progressively, while holding the amplitude constant, burning 
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rate oscillations will change amplitude and phase because 
the conditions in the combustion wave will not be able to 
"keep up." This can easily be appreciated by noting the 
extreme example of an abrupt depressurization, which is 
often used to quench burning (even though the final pressure 
is one at which steady burning is possible). This effect is 
examined in more detail in the chapter "Transient Burning of 
Solid Propellants" by Kuo et al. Thus, one cannot expect the 
burning rate to follow the steady state law at high 
frequency. Indeed, the combustion zone oscillates in a 
manner that is frequency dependent, as discussed in the 
chapter "Theoretical Analysis of Combustion Instability" by 
Tien. (See also Refs. 12 and 13.) Since one cannot expect 
to deal rationally with the problem of combustion 
instability without knowledge of the dynamic response of the 
combustion to the gas oscillations, a gj^at^deal of effort 
has been devoted to its determination. 9 The present 
status of the problem is still somewhat tenuous, but it is 
good enough for the purposes of a general understanding of 
combustion instability and calculating stability trends. 

When the gas environment oscillates near the combustion 
zone, the resulting combustion oscillations are called the 
"combustion response," usually characterized by the 
oscillation m' _in the gass if icat ion rate of the solid about 
the mean value m. (See the chapter "Theoretical Analysis of 
Combustion Instability" by Tien, and Refs. 10, 12, 13 and 
16. )_ This is usually represented in nondimens ional form as 
m*/ m, a perturbation mass flow from the surface divided by 
the mean mass burning rate. The information needed about 
this "combustion response" is its dependence on the 
oscillation frequency, amplitude of the flow oscillation, 
nature of the flow oscillation, mean pressure, propellant 
composition, etc. The strategies for getting (or assuming) 
that information are as follows: 

1) The amplitude of the combustion response is 
assumed to be proportional to the amplitude of the gas 
oscillation, unless there are strong reasons to assume 
otherwise. Thus, m 1 / m usually appears as a ratio such as 

(m*/ m)/(p'/ p) . ^ 9 ^ 9 ^ When such a quantity is 
available as a function of frequency, the result is called a 
"response function." 

2) The "nature of the flow oscillations" has to do 
with the details of how the flow oscillations act on the 
combustion zone, a question that depends on the structure 
and scale of the combustion zone and where it is in the mean 
and oscillatory flowfield in the motor. A simple approach 
has been widely used to characterize the flow oscillations. 
It has been assumed that the combustion is localized near the 
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propellant surface and that its dynamic response can be 
characterized by two additive contributions, one due to the 
pressure oscillations and one due to the action of flow 
oscillations parallel to the burning surface (analogous to 
the pressure and erosive effects on steady-state burning 

noted above). The pressure effect is assumed to be the same 
as that which would result if the pressure oscillation were 
due to pressure waves perpendicularly incident on the 

burning surface (with no parallel flow, steady or 

transient). This corresponds to a one-dimension^ 

representation th|i£ ^ relatively amenable to analytical 
or experimental 9 examination (see the chapter 

'theoretical Analysis of Combustion Instability" by Tien). 
In this context, the "pressure-coupled combustion response 
function" ft is defined as in the example above, 


m' / m 

ft = — £ -z~ (4) 

P P'/ P 

A "velocity-coupled combustion response function" & is 
then used to represent the response attributable to the 
component of gas oscillations parallel to the burning 
surface, 


m' / m 
v 

v'/ a 


(5) 


In this expression, a is the velocity of sound in the 

reaction products and v* the perturbation in velocity about 
the parallel component of the mean flow velocity in the 

region of the acoustic field adjoining the point on the 
burning surface corresponding to m'^. (This definition is 

of heuristic origin, but a more detailed mechanistic 
° 17—19 

definition has thus far been elusive. ) In a stability 

analysis, the burning rate response is then represented as 
the sum (m' + m' )/ m, which can be represented in terms of 

the acoustic variables p ' / p and v'/a when ft and ft are 

P . v 

known. Since stability depends upon both magnitude R and 
phase Q)T of the burning rate oscillations relative to the 
flow oscillations, m' , m'^, p f > and v* are represented by 
complex variables. The phase of m' is usually defined 
relative to p', so the real part of ft, denoted here by ft , is 
the component of the mass burning rate in phase with the 
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pressure. Ordinarily, it is this component of ft that 
contributes to stability or instability (see Secs. III.C 
and III.E and the chapter "Theoretical Analysis of 
Combustion Instability" by Tien). The phase of m' relative 
to p' is denoted here as a) T, where t is the time lead of m*. 

3) The frequency dependencies of and are sought 

through analytical models and experiments. While not 
consistent in detail, the results suggest a frequency 
dependence of R and Ci>T as shown in Fig. 6. The graph shows 
the response as^a function of nondimens ional frequency 


_2 

= KCJ / r 


( 6 ) 


that relates the frequency to the reciprocal of the 
relaxation time of the thermal wave in the solid burning 
surface. Here, k is the thermal diffusivity of_ the 
propellant, a) the oscillation frequency (rad/s), and r the 
mean burning rate. 

4) The effect of other variables, such as mean 
pressure and propellant variables, are encompassed in the 
burning rate ( in S2 ) and other parameters in the theory, but 
experimental determinations are preferred because of the 
approximate naturj of the theory. [Detailed analytical 
modeling of (m 1 / m)/(p'/ p) is discussed more fully in the 
chapter "Theoretical Analysis of Combustion Instability" by 
Tien, including more complete models.] 



COT 
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Fig. 6 Response function (solid curve is magnitude and dotted 
curve is phase relative to pressure). 



Table 1 Laboratory burners for measurement of oscillatory combustion 


Designation 
of burner 
or method 

Operational 

mode 

Operational 
frequency 
range (Hz) 

Propellant 

requirement 

Design objective, 
advantages and disadvantages 

References 

Center vented 
burners 






1. One -dimensional 

Self-excited 

10 - 2xl0 4 

4x10 - 6xl0 J 

Nonaluminized , 
two flat disks. 

Unambiguous measurement of ft r , 
compare propellants. LimiteS to use where 
R r is large enough for the burner to 
sllf-excite. 

14,15,20-22 

2. One -dimensional 

Pulsed 

10 - 10 4 

2xlO Z - 5xlO J 

Any propellant, 
two flat disks 

Same as above, but for conditions that do 
not give spontaneous oscillations. 

14,15,23-25 

3. Extended CVB 

Self-excited 

10 V 0 * 3 

2xlO Z - 4 x 1(T 

Amount and shape 
chosen to produce 
oscillations (more 
than 1-D burner). 

Provide added burning area to obtain 
spontaneous oscillations under conditions 
where a 1-D burner will not oscillate. 
Complicated geometry compromises 
interpretation of results. 

14,15,25-27 

4. Pulsed 

extended CVB 

Pulsed 

1° - 10 4 

10 z - 4xlO J 

Similar to, but 
less than 3), 
above . 

Use with propellants that yield high loss 
or low gain for which 2) and 3) are not 
suitable. 

14,15,25,27,28 

5. Variable 
area CVB 

Self-excited, 

pulsed, 

or combination 

10 - 4xl0 3 

10 2 - 2xl0 J 

Similar to 3), 
except multiple 
tests required 
per data point. 

Similar to 3) and 4), but depends on 
different strategy of interpretation of 
results (“independent” check on test 
methods) . 

14,15,21,25, 

29-31 

6. Velocity 
coupled CVB 

Pres sure -coup led 
driver charge, 
self-excited or 
pulsed. May 
also be used 
with variable 
area strategy. 

10 - 2xlQ 3 

10 Z - 10 J 

Similar to 3), but 
with test charges 
on side walls, 
driver propellant 
at ends. 

Expose test sample to parallel flow 
conditions in locations where they can 
induce velocity-coupled acoustic 
excitations 

14,15,32-37 


(Table continued on next page) 
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Table 1 (cont.) Laboratory burners for measurement of oscillatory combustion 



Designation 
of burner 
or method 

Operational 

mode 

Operational 
frequency 
range (Hz) 

Propellant 

requirement 

Design objective, 
advantages and disadvantages 

References 


Modulated 
exhaust flow 
burners 


7. Rotary valve 
burners 


8. Modulated 

nozzle motors 


Impedance ^ 
tube burners 


9. Forced 

oscillation 
standing 
wave mode 


3 

Forced bulk or 10 - 2x1^ 

quasi-steady axial 1C) - 10 

modes. Both 

pressure- and 

ve loc i ty-coup led 

versions . 


Oscillations forced 
in axial wave mode 
by nozzle flow 
modulation. Both 
pressure and 
velocity coupling 
present. 


10 - 2x10 
1(T - 1CT 


. 3 

Oscillating cold 

gas inflow produces 10 - 10 

standing wave 

environment in 

tube. Pressure- 

and velocity- 

coupled version. 


Usually a short 
cylindrical 
charge, any 
propellant. 


Full length 
charge, any 
propellant. 


Exhaust modulation provides controlled 14,15,38-41 

oscillations in modest burner size, 

Potential for multiple determinations of 
response in each test. Provides both 
magnitude and phase of combustion response. 

Test apparatus not widely available. 

Simulates motor-flow environment and 14,15,42-44 

provides controlled longitudinal oscilla- 
tions and nonlinear aspects of longitudinal 
modes. Propellant requirement relatively 
large, limited availability of apparatus. 


Any propellant 
disk (P.C.) and 
cylinder or 
slab (V.C.). 


Provides controlled mean and oscillatory 14,15,45-48 
environment and relatively detailed 
characterization of oscillatory behavior. 

Provides both magnitude and phase of com- 
bustion response; has potential for mul- 
tiple measurements per test. Limited 
availability of apparatus. 


(Table continued on next page) 
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Table 1 (cont.) Laboratory burners for measurement of oscillatory combustion 



Designation 
of burner 
or method 

Operational 

mode 

Operational 
frequency 
range (Hz) 

Propellant 

requirement 

Design objective, 
advantages and disadvantages 

References 


Bulk-mode 

self-excited 

burners 

* . 2 
10. L burner Self-excited 5 - 3x10 

2x10 - 2xl0 2 


11. Helmholtz 


Self-excited 


5 - 3xl0 2 
2x10 - 2x10^ 


Direct measurement 
methods 


12. Microwave Forced bulk mode 

oscil., time- 
resolved measure- 
ment of burning 
surface regres- 
sions . 


0 - 2xl0 3 
10 - 10 J 


13. Other 


Various 


Various 


Any propellant, 
not all will 
oscillate. 
Amount small, 
depends on 
burner size. 


Low cost method to study low frequency 22,49-51 

instability, elucidates class of in- 
stability exhibited by some low L motors. 

Will oscillate only at low pressures. Mean 
pressure and frequency difficult to control. 


(Same as above.) Similar to 10, but range of conditions 22,52 
for spontaneous oscillations is less 
limited. 


Any propellant, 
small sample 
(strand) . 


Small sample. 


Provides controlled pressure environment 14,15,55,56 
and direct measurement of pressure-coupled 
oscillatory burning rate. Provides magni- 
tude and phase of combustion oscillation, 
continuous scan of frequency range, does not 
depend on back calculation from acoustic be- 
havior. Limited availability of apparatus. 

Various methods of inducing combustion 57-59 
oscillations and measuring them. 


a First-listed frequency range is approximate practical limit; 
second-listed frequency range is usual operational range. 


^The impedance tube approach could be used in any standard 
wave mode burner, but has been developed only in classical 
forced-oscillation impedance tube configuration. 
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Fig. 7 Values of the pressure-coupled response function (in-phase 
component) measured by different methods (A-13 composite 
propellant) . 


C. Measuring Combustion Response 

The measurement of combustion response functions has 
been attempted by a variety of methods sunmarized in Table 1. 
Space will not permit extensive discussion of these methods 
here (see Refs. 10, 14, and 15) and it is unlikely that a 
concensus could be reached at present as to their relative 
merits. In limited comparisons, qualitative agreement is 
shown among some methods (e.g., Fig. 7). The most 
extensively used and evaluated method is a center-vented 
unstable + burner (Fig. 8), commonly referred to as the "T- 
burner. M This burner will be discussed in some detail here, 
not only because of its extensive use (roughly 40,000 
firings), but also because it is helpful in understanding 
unstable rocket motors. The design is well suited for 
inducing pressure-coupled combustion response, and modified 
designs have been used to produce velocity-coupled response. 
Because the method depends upon the spontaneous generation 


+Since this name was acquired for reasons extraneous to the 
normal design or use of the burner, the more descriptive title 
"center-vented" or CV burner will be used here. 
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of oscillations, it is not well suited to measurements on 
aluminized propellants or to the low frequencies at which 
aluminized propellants are sometimes unstable. Modified 
versions have been used for those applications that induce 
oscillations, either by pulsing or by using more complex 
geometries that extend the domain of spontaneous 
oscillations (at the expense of the loss of one- 
dimensionality) . 

The arrangement in the basic one-dimensional center- 
vented (CV) burner ^ , 21 shown in Fig. 8. The 
burner is usually connected to a surge tank that is 
prepressurized with nitrogen to the desired mean pressure. 
When the propellant disks are ignited, the propellant 
reaction products flush the cold nitrogen from the burner 
and oscillations develop and grow with exponentially 
increasing amplitude (Fig. 9) until nonlinear effects limit 
the amplitude. Particular care is exercised to assure that 
all propellant surfaces burn out at once. When the 
propellant burns out, the oscillations decay in a roughly 
exponential manner. In the simplest use of the center- 
vented burner, it is assumed that the damping is the same 
during the period of growing oscillations as the period of 
decaying oscillations, given by the observed decay rate of 
oscillations. Then, the initial growth rate of oscillations 
is the sum of a combustion contribution and the measured 
damping contribution; hence 



record (Fig. 9) or computer processing of digitized 
pressure-time data. The quantity a c reflects the combustion 
contribution to oscillations and can be determined over a 
range of frequencies by testing in different length burners. 
If one is interested in comparing propellants, a direct 



PRESSURE 

TRANSDUCER 


Fig. 8 Schematic arrangement of end-burning center-vented burner. 
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Fig. 9 Pressure -time history for a center-vented burner test. 
Upper trace results from filtering out dc component and amplifying 
pressure signal. Lower trace results from filtering out 
oscillations, shows slight pressure rise above surge tank, and rise 
in surge tank pressure during test. 



Fig. 10 Combustion alpha and decay alpha from tests in center- 
vented burners of type shown in Fig. 8. 


comparison of (* c vs frequency is often instructive (Fig. 
10). If one wants the results in a form that can be 

inserted in motor stability analyses, the equivalent 
pressure-coupled response functions must be determined. 
This amounts to construction of a stability analysis of the 
CV burner and solving for & r in terras of the measured 
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quantities of a and a,. 

g . a 

results in the relation 


10,14^21 


An approximate analysis 


R r 

P 


/ m> / M ^ 

Vp 1 / P / 


R 


r 

P 




(7) 


where 

R^ = magnitude of the in-phase component (real part) of 
the oscillatory response of burning rate to 
pressure oscillation about the mean values 
mean Mach number of flow out of the combustion 
zone 

a = average velocity of sound in the burner as 

indicated by the frequency (a Q = 2 L/t C l) ) = 2Lf 
a^ = velocity of sound just outside the combustion zone 
(at the adiabatic flame temp.) 

S = cross-sectional area of burner 

S b = burning area of propellant ( S c / ^ 1/2) for 

double-end burning CV burner 
f = frequency of oscillation (Hz) = 1/x^ = (cl>/27t) 

For quantitative results, the calculation is somewhat 

2125 

more complicated, even in this simple burner, 9 but Eq. 
(7) is often suitable for examining the effects of the 
systematic variations in propellant formulation designed to 
study or prevent instability. Repeat tests on the same 
propellant in different burner lengths provide R r vs 
frequency and further tests can provide such functionsPover 
a range of pressures (see Fig. 11 and Ref. 61). 

There are a number of problems with the interpretation 
of the results of CV burner tests, originating in the fact 
that the response function must be extracted from pressure 
oscillations that are subject to a variety of other 
influences, that are not accurately modeled and/or measured 

for the calculations of R . However, the results show 

P . . 

response function curves that are qualitatively consistent 
with theory and also show well-defined differences according 

to the propellant used. While the magnitudes of the values 
r 

of R calculated from the tests have only modest accuracy, 
comparisons among propellants are often more accurate 
because some of the poorly known parameters in the analysis 
can be insensitive to the propellant variables involved in 
the comparison. 
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Fig. 11 Response functions as measured by the double ended, 
center-vented burner method, AP-HTPB propellants; a) effect of 
propellant change, both propellants have the same burning rate: the 
one with no fine AP has a burning rate catalyst; b) effect of 
pressure . 


There are a number of variants on the basic CV burner, 
noted in Table 1, that are used to: 

1) Extend the domain of applicability of the method 
(e.g., to lower frequency, to aluminized propellants). 

2) Provide an alternative means of measuring a Q and 

a d • 

3) Allow examination of other features of combustion, 
such as ft . 

4) Permit study of tt^ ^onlinearly initiated 

instability depicted in Fig. 5b. ’ 
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Chapter 14 


Theoretical Analysis of Combustion Instability 


James S. Tien* 

Case Western Reserve University , Cleveland , Ohio 


Abstract 

A theoretical analysis of combustion Instability in a solid 
rocket combustion chamber Is presented in a tutorial 
manner. The contents include the conservation equations 
for wave motion in the combustor and a small perturbation 
analysis to study wave amplification, damping and the 
modes of oscillation. Models describing the solid propellant 
burning response to an oscillating pressure are described in 
detail. The acoustic damping caused by the nozzle flow 
and by particle velocity lag is reviewed. Examples of com- 
putations of the linear stability boundaries are given. 
Nonacoustic and nonlinear oscillations are discussed. 


a 

A 


V A 2 


B 


-♦ 

C 

D 

6 

e 


Nomenclature 
speed of sound 

parameter in propellant response function 
defined in Eq. (50) 
nozzle throat area 

defined in Eq. (10) 

parameter in propellant response function 
defined in Eq. (48) 

defined in Eq. (22) 
diameter of combustor 

defined in Eq. (23) 
internal energy 


Copyright © American Institute of Aeronautics and Astronautics, 
Inc., 1983. All rights reserved. 

^Professor of Engineering, Department of Mechanical and 
Aerospace Engineering. 
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e 


o 


etV 2 /2 


E 

f 

H 


i 

k 

L 

m 

M 

n 

P 

P 


R 

Re 

s 

S 

t 

u 

V 
x 
X 

Y 


activation energy 
frequency 

nondimensionai propeiiant surface heat release 
defined in Eq. (40) 

\PT 

proportional constant between slip velocity and 
force on a particle in Stoke's flow 
combustor length or combustor characteristic 
dimension 

propellant pyrolysis exponent defined in 
Eq. (44) 

Mach number 

steady burning pressure exponent 
pressure 

nondimensionai pressure defined in Eq. (40) 

solid propeiiant surface heat release 

propellant burning rate 

nondimensionai burning rate defined in 

Eq. (40) 

real part 

Xti(j 

entropy 

time 

axial velocity 

velocity 

distance 

nondimensionai distance defined in Eq. (40) 
acoustic admittance defined in Eq. (18) 


Greek Symbols 


a 

0 


y 

6 


€ 

c 

G 

X 


thermal diffusivity 

ratio of solid thermal time to chamber wave 

-2 — 
travel time = (a^/r )/(L/a ) 

ratio of specific heats 

phase angle between pressure and velocity 
oscillations or nondimensionai gas residence 
time defined in Eq. (66) 
acoustic energy density defined in Eq. (7) 
temperature ratio defined in Eq. (56) 
nondimensionai temperature defined in 
Eq. (40) 

heat conduction coefficient or wave 
amplification coefficient 
coefficient of viscosity 
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i 

p 

o 


>T 


t 


r 

<t> 

<X> 

u 

O 


temperature ratio defined below Eq. (62) 
density 

dimensionless radius or dimensionless 
frequency defined by Eq. (60) 
steady-state burning rate-pressure sensitivity 
steady-state burning rate-temperature 
sensitivity 

ratio of gas residence time in the flame to 

solid thermal time = a /r 2 ) 

nondimensional time defined in %q. (40) 
heat flux 

nondimensional heat flux 

nondimensional frequencies (by various time 

scales) 

J8u 


Script Symbols 

a 

6 

£ 

i 

a 

v- 

V 


nozzle pressure-sensitive acoustic admittance 
coefficient, see Eq. (58) 
nozzle radial-velocity acoustic admittance 
coefficient, see Eq. (58) 

nozzle entropy acoustic admittance coefficient. 

see Eq. (58) 

gas flame length 

gas constant 

volume 

acoustic admittance defined in Eq. (19) 


Superscripts 


Subscripts 

b 

f 

9 

I 

P 

R 

s 

oc 

1 

II 


steady state 
vector 

perturbation quantity 

nondimensional quantities defined using 
Eqs. (20) and (21) 


propellant burning surface 

flame 

gas phase 

imaginary part 

particulate 

real part 

solid or solid surface 
gas flame edge 

perpendicular component to the surface 
parallel component to the surface 
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I. Introduction 

The purpose of the theoretical analysis Is to quantify 
many of the Important features of combustion instability 
described in the last chapter. This calls for the mathemati- 
cal formulation of the oscillatory gasdynamlc processes in 
the combustion chamber and near the combustor boundaries 
which pump in or take out the acoustic energy from the 
bulk gas. The physicochemical processes and the associat- 
ed fluid mechanical problems are normally extremely com- 
plex. in order to make the analysis amenable to solution, 
many simplifying assumptions will be made in the following 
presentation, but the essential features of combustion insta- 
bility will be retained. 

When the amplitude is small, an oscillation is often ap- 
proximately sinusoidal in time. When the amplitude is 
greater, departure from sinusoidal oscillations will occur. 
A large amplitude oscillation can grow out of a small ampli- 
tude one or can be triggered by a finite size disturbance. 
The determinations of the limiting oscillation amplitude and 
the possibility of triggering are clearly nonlinear problems. 
But the problem of incipient oscillation is a linear one. 
The small amplitude linear analysis is capable of determin- 
ing the frequency of oscillation, the initial amplitude growth 
rate and the neutral stability boundary. If the perturbation 
method is used, the linear analysis also serves as the 
starting point of the nonlinear calculation. Because of the 
generality of its results, a great portion of the present 
chapter is devoted to the linear analysis. 

in addition to the combustor acoustic analysis, the am- 
plification and damping from the boundaries of the acoustic 
cavity are important. The solid propellant combustion 
response as a source of acoustic amplification is discussed 
in some detail. On the other hand, the nozzle acoustic 
response is oniy briefly mentioned, since the material has 
been extensively covered elsewhere. Other sections of this 
chapter cover the nonacoustic and nonlinear analyses. 

Historically, many capable people have worked on com- 
busion instability problems and there Is an abundant number 
of references. Many of the works, such as acoustic 
analysis and nozzle admittance, are not specifically for solid 
rockets, but they are generally applicable to solid rocket 
application. It will not be practical in this chapter to cover 
all the relevant materials on the theoretical aspect of solid 
propellant combustion instability, but we hope the cited 
references can provide a more complete picture. A 
number of papers published by the Proceedings of CPIA 
(ICRPG), unfortunately, are not cited here because they 
are not available to the public. 
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There are several reference books or book chapters on 
combustion instability. The book by Crocco and Cheng 1 
represents the classical work on combustion instability. 
Reference 2 gives a very complete description on liquid 
rocket combustion instability. Chapter 10 of Ref. 3 by Wil- 
liams dealt with solid rocket combustion instability theory, 
and the recent publication by Culick * covers many up-to- 
date theoretical and applied aspects of solid rocket instabili- 
ty and is quite unique in its style of presentation. 


II. Linear Analysis of Wave Motion 

//.A. Governing Equations 


In this section, the governing equations appropriate for 
wave analyses in the combustion chamber will be present- 
ed. The formulation of these equations follows Ref. 4, 8. 
and 9 by assuming that the fluid consists of a mixture of 
gas and condensed-phase particles of uniform size (in a 
solid rocket, a typical kind of solid particle is the aluminum 
oxide) . The flow will be assumed to be Inviscid and non- 
heating-conducting except between the gas and the particu- 
late. The gases are assumed homocompositional. and 
thermally and calorlcally perfect. 

With these assumptions, the conservation equations are 
conservation of mass: 


+ V • ( pV ) = W 

ot p 


dp 

- _£ _ v . 

dt 


( p p 9 p) 


(1) 


conservation of momentum 
dV 


p —j- t pV • W t Vp = F 


dV 


= - P, 


p dt 

conservation of energy: 


p V 
H P P 


W + W 


ft - ») 


( 2 ) 


— (pe + p e ) 
dt K O H p po 

t v . ( pVe Q t p p V p e 0 ) + v • (pV) = 0 


and 


de 

D p~aT + V*p 


Ve„ = - c> 

p p 


(3) 
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(4) 
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where p is the mass of particulates per unit chamber 
volume; is the mass consumption rate per unit volume 

for the particulates; and F is the force per unit volume ex- 
erted on the gas due to the momentum exchange with the 
particles. If the Reynolds number based on the slip-flow 
velocity is small, Stokes' formula can be used and 


d A 

at 



V\7 = k Cv - V ) 

p p 


(5) 


from Eqs. (2) and (5) it Is seen that 

F = (fcV + kp > (V - V) < 6) 

P P P 


the quantity 0 is heat exchanged between the two phases, 
and Q is the Pate of energy released in gas-phase chemical 
reactions. 

With the equation of state and the proper rate expres- 
sions for W , Q, and 0 - the above system [Eqs. (1-6)] 
Is completely specified ind will be used in the acoustic 
analysis in the following sections. 


// . 8. Acoustic Energy in & Sound Field 


The growth and decay of the energy contents associated 
with a small amplitude oscillation in a cavity is directly re- 
lated to combustion instability. The energy density of a 

flow is etV 2 /2. Perturbing this around the steady state 
and recognizing that small amplitude oscillation is isentropic 
in nature, the acoustic energy density is found to be 



P a 


(7) 


in deriving the above expression, it is assumed that the 
maximum Mach number of the mean flow is much smaller 
than unity and that terms of the order of Mach number are 
neglected compared with terms of the order one. The 
terms involving first-order perturbation quantities are not in- 
cluded because their average value is zero. The acoustic 
energy given by Eq. (7) is second order in amplitudes. 

To derive an expression for the time rate of change of 
€ . Eq. (2) is written as 



+ Vp 


— » 

= A 


t 


(8) 



COMBUSTION INSTABILITY ANALYSIS 


797 


Equations (1-4) can be combined to yield 

+ pyv • V = Ag (9) 

where 


A ] = F - pV • W 

a 2 = -V • Vp + [ - V • F + (0+0 p > 

+(e - 1/2 V 2 )W ] (10) 

po p 


Seeking first-order perturbation equation in amplitude, 
the dependent variables are expanded as follows: 

p = p + p p = p t p V = V + V 
Ip'/pl « 1 Ip'/pl « 1 |\7* I « a (ID 

The perturbation equations for Eqs. (8) and (9) are 

— a\7* * 

p aT + Vp = A 1 (12) 

r _ 

t ypS7*v = Ap - yp v • V (13) 


Multiplying Eq. (12) by l/ 7 (pVp) and Eq. (13) by 
V • and adding the two equations, we have 

+ V - (p '\7») = / » (14) 

at 

where 

/' = n/y) (p ! /p) (A^ -yp'v-i 7) t A* • 

Equation (14) can be thought of as the conservation 
equation for acoustic energy. Integrating Eq. (14) over 
the cavity volume, we get 

5fJ Ss * ] v >'^ 


(15) 
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where n is the inward unit normal vector on the surface S 
enciosing the voiume IT. Cleariy the first term on the right 
hand side of Eq. (15) represents the rate of work done to 
the system in voiume IT by the surrounding through the 
boundary. The second term represents the rate of energy 
addition (if positive) or subtraction (if negative) through 
processes occuring in the interior of the control voiume. 
From the definition of I', we see that these processes in- 
clude the effects of mean flow, the viscous damping due to 
the relative motion of the particulates and gases, the gasif- 
ication or the combustion of the particulates, the heat ex- 
change between the particle and gas, and the residue 
homogeneous phase combustion. if the particle gasification 
rate W ^ \$ small compared with the mass addition rate from 
the boundary, or if W is well distributed in the combustor, 
then the magnitude & l # is smaller than that of acoustic 
energy c by O(M), where M is the maximum mean flow 
Mach number in the combustor. It will also be shown later 
that under many practical situations, the surface work 
represented by the first term on the right-hand side of Eq. 
(15) is also smaller than € by O(M). Therefore when the 
mean flow Mach number is much smaller than unity, Eq. 
(14) represents a system where the growth or the decay of 
the acoustic energy is only slight in one period of oscilla- 
tion. This observation will be utilized in the analysis to be 
given later. 

//.j£. Acoustic Admittance Function 

The first term on the right-hand side of Eq. (15) is the 
rate of work done to the gas in the combustor through the 
surface of the control volume. Normally this control volume 
is drawn along the propellant surface and the nozzle en- 
trance plane; therefore important contributions of the pro- 
pellant burning and the nozzle flow to combustion instabili- 
ties are contained In this term. 

For a simple harmonic oscillation, we can write 

p • = Ap cos ot = Re (A pe iu *) 

= AV 1 cos <(Jf + 6) = Re (AV X e l6 e lut ) (16) 

where A p and AV^ are the amplitudes of the pressure and 
velocity oscillations at the surface; subscript 1 means the 
velocity component normal to the surface; 6 Is the phase 
angle between the velocity and pressure oscillations; and 
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Re Indicates the real part of the complex variable. Using 
Eq. (16) we get 


= p'V^' = ApAl^ cos U)t cos (c ot t 6) 

the time average over one cycle is 

<p ' V •> = 1/2 (A p) (A\/ 1 ) cos 6 (17) 

Thus acoustic amplification from the surface occurs when 
the phase angle is between n/2 and - it/2 and is the max- 
imum when the pressure and velocity oscillations are exactly 
in phase. On the other hand, when 6 is between 
tt/2 and 3n/2. acoustic damping results. 

The wave amplification and damping capability is con- 
ventionally expressed by the complex surface acoustic ad- 
mittance function defined .by 


Y 


V /V 
1 1 


pVp 


(18) 


Using the compiex representation given by Eq. (16), we 
have 


Y 




Ap/p 


16 


In comparison with Eq. (17), the real part of the 
acoustic admittance is proportional to <p'V'>. Thus acoustic 
amplification occurs when the real part of Y is positive and 
the amplification power is proportional to the magnitude of 
the acoustic admittance function. A very important part of 
the combustion instability analysis is the calculation of 
acoustic admittances for the propellants and the nozzles. 

In the acoustic analysis of the combustor in the next 
section, the velocities are nondimensionalized using the 
steady-state speed of sound. Thus an alternative definition 
of the acoustic admittance is given by 



V L /a 


P Y P 


(19) 
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The relation between Y and ^ * s 

y = ( V L /a ) Y = M ± Y 

where M is the Mach number based on the perpendicular 
velocity at the boundary. The above equation shows that 
when Y is of the order of unity, y is of the order of Mach 
number. 

LL-Q- Linear Analysis 

Introducing nondimensional variables: 

f = t/(L/a ) v = LV (20) 

where L is a characteristic dimension of the combustor, 
and looking for solution of the type 

p'/p = pe st V'/a = Ve st (21) 


where s - X t /cj, X is the wave amplification coefficient, 
and cj the frequency of oscillation, then Eq. (12) becomes 

s V t (1/7) Vp = C (22) 

where 

t* 1 . - — 2 ^ sf 

A 1 L/pa = Ce 

and Eq. (13) becomes 

sp t 7 V-\? = D (23) 

* - ~ ^ f 

where ( A - yp 1 v* V)L/pa = De For a given combus- 
tion chamber geometry and boundary conditions, Eqs. (22) 
and (23) can, in principle, be solved. However, the fol- 
lowing alternative procedure provides more physical insight 
into the problem and reduces the degree of algebraic com- 
plexity. Examination of the inhomogeneous terms in Eqs. 

(22) and (23) indicates that the leading terms in C and 6 
are of the order of the maximum Mach number based on 
the steady gas flow or the particulates velocities, which is a 
quantity much smaller than unity in most applications. In 
addition, from the propellant and nozzle acoustic admittance 
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functions it will be shown that under near-resonance condi- 
tions, y at the boundaries is of the order of flow Mach 
number (Sec. ill and IVB) . Thus an expansion scheme 
using the flow Mach number as the expansion parameter is 
suggested. This procedure is not required for the solution 
for the system fEqs. (22) and (23) J which is already 
linear. Instead, it merely shows more clearly the connec- 
tion between combustion instability and classical acoustic 
oscillations. Let 

P = P 0 * P 1 * P 2 t # * 

V = V q + \? 1 + v 2 t • • • 


c = vv - 

5 = °1 + °2 + ••• 

s = + s-j t s 2 + • • • (24) 


where terms with subscript zero are of the order of unity, 
and terms with subscript 1 are of the order of maximum 
mean flow Mach number, etc. The quantity s is also ex- 
panded in Mach number, since the frequency of oscillation 
is expected to be modified by the presence of the mean 
flow. Substituting Eq. (24) into Eqs. (22), (23) and the 

associated boundary conditions, we get for the order one 
system: 


s 


o 


— * 
V 

o 


-S7p 

y < 


o 


s p + y V • V =0 
o o o 

V = 0 (on the boundary) (25) 

The above system represents an eigenvalue problem for 
the classical acoustic oscillation in a cavity with rigid walls. 
The two equations can be combined to form a Helmholtz 
equation which represents the spatial part of the wave 
equation without a mean flow. The eigenvalue s q can be 
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shown to be purely imaginary, i.e., s = Icj , where u 's 
are the natural frequencies of the acoustic 0 modes. %e 
system corresponding to order Mach number is 


s o *1 + ^>1 - S , - s l ^ 


s o Pi ’ ^l “ °i - *1*1 


V, -n = y P Q ( on the boundary) (26) 


The solution of Eq. (26) provides the first-order 
correction to the solution of Eq. (25), which represents a 
neutral oscillation. In particular, (=X^ + iu^) will be 
determined. Here, is the leading term of the wave am- 
plification coefficient. Thus the solution of Eqs. (25) and 
(26) yields information on the wave mode (not amplitude), 
oscillation frequency, and amplification coefficient. Alterna- 
tively, this information can be used to determine the neutral 
stability boundaries on a map of propellant or operating 
parameters. 

The actual solution of Eqs. (25) and (26) depends on 
the combustion chamber geometry. For simple configura- 
tions such as cylindrical and annular shapes, analytical 
solutions for three-dimensional problems can be found by 
using eigenfunction expansion 8 or Green's function. 4,12 
For more complicated geometry, numerical solution may be 
necessary. in the present chapter, for illustrative pur- 
poses, computation will be performed only for the simplest 
configuration, i.e.. an end-burning solid rocket undergoing 
longitudinal mode oscillation. The gasification rate of the 
particulates W , the rate of heat exchange between the two 
phases 0 * Jmd the gas-phase energy release Q, are all 
assumed p zero. and the particulate volume density is as- 
sumed constant. In such a case, Eq. (25) is reduced to 


$ 


o 


u 

o 



0 


s 

o 


+ y 



= 0 


u = 0 (at x = 0 and 1) 
o 


(27) 
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solution 

of 

the above 

equation is 


p^ 

= P 

cos 

CJ X 


o 

oo 

0 

u 

_ _ 

i (P 

/y) 

sin u x 

o 


oo 

o 

Co 

o 

= i 

“o = “ v - 

i = 1,2, - 


(28) 


This corresponds to a standing longitudinal wave in a tube 
with rigid ends. The oscillation frequency is cj q , where j = 
1 corresponds to the fundamental mode and 
j=2, 3, ... corresponds to the second, third harmonics, etc. 

Note aiso that the velocity oscillation u and the pres- 
sure oscillation p are 90 deg out of phase. In the 
lowest-order solution given by Eq. (28), the oscillation is 
neutral, i.e. , s is purely imaginary and the amplification 
coefficient X is°zero. For the correction to the next order 
of the Mach number, Eq. (26) becomes 


1 

s u- + - k (u 

0 1 * dx 


du 

U ) - M - St U 

P° 1 o 


du ^ dp 

s o P 1 + 7 7“ = - M -r - «! P 0 
dx dx 


= y p 0 at * = ° 


u 1 = -#P 0 at x = 1 (29) 


where ^ and (L are the propellant and the nozzle acoustic 
admittance functions, respectively. It can be shown, by 
perturbing Eq. (5), that u = 0, i.e., the particle velo- 
city is not disturbed to the^Virst order of the oscillation am- 
plitude and the mean flow Mach number. Substituting this 
result and Eq. (28) into Eq. (29), Eq. (29) can be 
solved for s^ , i.e., 

S 1 = > - fr~ /2 <30) 

Separating the above expression into real and imaginary 
parts, we get 

x 1 = yiy R + a„> - */2 

y, + 


(31) 
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where subscripts R and I represent real and Imaginary 
parts, respectively. It can be seen from the above equa- 
tion that the Imaginary parts of the acoustic admittance 
functions provide a higher order (in M) correction to the 
oscillating frequency due to non-rigid-wall boundary condi- 
tions, while the real parts of the acoustic admittance func- 
tions and the nondimensional drag coefficient k determine 
the value of the amplification coefficient X,. Since a posi- 
tive X-j implies wave amplification, positive values of the 
real parts of the propellant and nozzle admittance functions 
contribute to destabilizing effects, while negative values 
contribute to stabilization. The particle drag is always sta- 
bilizing. It can also be shown by direct substitution of 
Eqs. (28) and (31) into Eq. (15) that 


-f- f <e>d l?= 2X . 
<£> dt j 7* I 




(32) 


The above equation is, in general, valid for more compli- 
cated three-dimensional situations, as shown by Culick. 
4,12 Computations leading to Eqs. (28) and (31) for 
more complicated cases can be found in Crocco, 9 Culick, 
4 “ 7 ' 12 and Sirignano, 8 for example. 

The linear analysis presented so far is based on the 
expansion scheme given by Eq. (24). The basic assump- 
tion required, in addition to the small amplitude, includes 
that the maximum Mach number (gas flow and particulate) 
is much smaller than unity and that the surface acoustic 
admittance functions ( V and & > are the order of Mach 
number. In such a case, the oscillation is close to the 
classical acoustic vibration with the lowest order frequency 
given by cj . The leading term of amplification coefficient 
is given by X^, which is one order of magnitude (in M) 
smaller than w . Therefore significant wave amplification or 
decay will occur only over a number of cycles. When the 
acoustic admittance functions are of the order of Mach 
number, the velocity perturbation at the boundary is one 
order of magnitude smaller than that inside the combustion 
chamber, as shown by Eqs. (25) and (26). This, of 
course, represents a typical resonance condition that a 
small disturbance at the boundary excites a larger amplitude 
wave in the interior of the cavity. 

There are situations where either the flow Mach number 
is not small or the surface admittance functions are exces- 
sively large. In such cases, Eq. (24) is not applicable 
and Eqs. (22) and (23) should be solved directly, as has 
been done by Crocco and Cheng in Ref. 1. in such cases, 
one can expect significant departure of the oscillating fre- 
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quency from that given by the classical acoustic mode. 

But perhaps more Importantly, the special case of low- 
frequency nonacoustic oscillation can be analyzed easily us- 
ing the latter approach but not by the Mach number expan- 
sion scheme. The detailed discussion of nonacoustic insta- 
bility can be found in Sec. VI. 

III. Acoustic Amplification: Propellant Response Function 
UL.A. Introduction 

Since combustjon processes are the major driving force 
for solid rocket combustion instability, analysis of propellant 
burnings under oscillatory conditions is of interest. Such 
analysis can provide more understanding to the instability 
driving mechanisms, and hopefully, in the long run,, can 
help the rocket designers to select and/or to formulate solid 
propellants less likely to cause combustion oscillations. 

Of all the elements relevant to solid rocket combustion 
instability, the analysis of propellant responses is perhaps 
the most difficult and uncertain. At the present time, 
theoretical analysis of unsteady combustion containing ail 
the relevant parameters does not exist. This is partly due 
to the incomplete understanding of the complicated combus- 
tion processes in the burning of modern solid propellants 
and partly due to the mathematical intractability of such a 
detailed model even if all the physics and chemistry are 
known. Existing unsteady combustion models normally con- 
tain several selected physical/chemical processes thought to 
be important for a particular instability situation. Such 
models, being incomplete, naturally have a limited range of 
applications. But the important driving process that is in- 
cluded can be analyzed in detail and often contributes to 
our understanding of the instability driving mechanisms. in 
the following sections, some of these models will be dis- 
cussed. 

ULB. Estimate of Time Scales 

Since combustion instability involves a coupled oscillation 
between the combustion chamber wave dynamics and the 
propellant combustion unsteady response, the matching of 
the appropriate time scales is critical. An examination of 


The departure from classical acoustic frequency is 
most severe for longitudinal or mixed longitudinal-transverse 
modes. It is not so severe for transverse modes. 
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the relevant time scales in a burning propellant is needed 
for formulating any simplified unsteady combustion models. 

The gas residence time in the flame is defined by l/t7 , 
where £, the flame thickness, is the distance between the 
propellant surface to the end of the major energy release 

zone, and u is the average gas velocity normal to the pro- 
pellant surface. The “overall* chemical reaction time in the 
gas phase should be the same as the gas residence time 
because of the definition of £. We emphasize the word 
“overall* since many of the individual elementary chemical 
reactions that occur in the flame can be substantially faster 
than that measured by the overall time. The gas-phase 

Id 

heat-transfer time a/u should be comparable or smaller 
than the gas residence time. The reason that some flames 
can have a much longer gas residence time than the 
heat-transfer time is because of the existence of induction 
zones such as in some of the double-base propellant 
flames. 

Comparing the several time scales in the gas phase in- 
dicates that the gas residence time l/u is the longest one. 

in the solid, if the radiative-absorption and the 
condensed-phase reaction layers are confined near th^ sur- 
face, the solid temperature profile is exponential in shape 
as a result of the conduction-convection (due to the moving 
surface) balance. The characteristic thermal distance is 
a /7. and the characteristic solid thermal-relaxation time is 

s -2 — 
a / r , where a is the solid thermal diffusivity, and r is 

tffe steady-state propellant burning rate. If the depth of 

the condensed-phase reaction is given by £ , the 

corresponding thermal-relaxation time is given by t c /r . If 
the radiative absorption depth is £ r , the corresponding 

thermal-relaxation time is £^/r\ ,f the solid is heterogene- 
ous, a heterogenuity time scale can be specified. Taking 
an ammonia perchlorate (AP) composite solid propellant (for 
example, if the AP particle size is £^). the local hetero- 
geneous time can be defined as £ /r. Because of the ran- 
dom distribution of particle locations in the propellant, some 
sort of coherence Is needed for the local heterogeneity to 
be important in an organized oscillation. This will be dis- 
cussed further. 

An examination of the estimated order of magnitudes of 
these time scales indicates the following. Gas residence 
time is the slowest one in the gas phase time scales. In 
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the solid, the magnitudes of the condensed-phase reaction 
time and the radiation-absorption time will depend on the 
solid properties. In ordinary cases, they are probably fas- 
ter than the solid thermal conduction-convection time. In 
many cases, the condensed-phase reaction and solid radia- 
tion can be thought to be confined on the surface, and the 
solid thermal conduction-convection time is the longest and 
the primary time scale in the solid phase. 

The magnitudes of the gas residence time and the solid 
thermal time depend strongly on the pressure and the types 
of propellant. The range of gas residence time can be 
-2 

from 10 to 10 ms, while for the solid thermal time, it 
can range from 1 ms to 1 s. For a given propellant and 
operating pressure, the gas residence time is, in general, 
smaller than the solid thermal-relaxation time by at least 
one order of magnitude. 

Therefore, for combustion instability with the period of 
oscillation comparable to or longer than the solid thermal 
time, the gas-phase time lag can be neglected. Thus a 
quasisteady gas phase and unsteady solid model can be 
applied. This simplification makes it possible to obtain a 
closed-form analytical solution for the propellant response 
under small amplitude pressure oscillatory conditions. 



Fig. i Combustion model for unsteady solid-propellant burning. 
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Historically, Hart, McClure, and their associates 
were credited with an extensive and pioneering effort in 
modeling solid propellant oscillatory burning based on 
physical/chemical process considerations. They are also 
among the first in introducing acoustic admittance function 
as a measure of propeilant wave amplification capability. 

The first quasisteady gas-phase and unsteady solid os- 
cillatory combustion model was introduced by Denison and 
Baum. 20 In their model, a homogeneous solid propellant 
which decomposed into a laminar premixed flame was stu- 
died. A one-step overall gas-phase chemical reaction was 
assumed, and the solution in the limit of large activation 
energy was obtained. Their analysis triggered a number of 
modeling efforts, all utilizing the quasisteady gas-phase as- 
sumption. 2^-24 As a matter of fact, this is the only class 
of unsteady solid propellant combustion models that has 
been extensively studied and tested. In the following, some 
general features of the quasisteady models will be outlined. 
These models are mainly for pressure sensitive response; 
velocity-coupled effect will be discussed in Sec. Ill E. 

me. Q uasti tstadx £&§.- Pha se and Ujist^ady. §QM-Pha$& 
Mszdels 


Model Description . Neglecting solid-phase 
reaction and radiation in-depth absorption (or confining 
them to the solid/gas interface) , all the one-dimensional 
quasisteady flame models have the same governing equation 
for solid-phase heat transfer, i.e. , 


dx 


(33) 


where x=0 is attached to the propellant surface, and x is 
positive toward the interior of the solid, as indicated in Fig. 
1. The propellant linear burning rate, r, is generally as- 
sumed to be related to the surface temperature 7 and/or 
pressure by some kind of pyrolysis relation: 


r = r ( 7 ,p) (34a) 


A specific example includes the generalized Arrenhius ex- 
pression: 


r 



-E /m 
s s 


(34b) 
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or power law ^4. 

r = MT - T ) m (34c) 

$ o 


The other boundary conditions include 

f = 7 as x -»<» (35) 

o 

and at the solid/gas interface, an energy balance gives 


, IT 

S dx 


f— 1 

lax J| 


rp s + (C p ' V (7 s ~ 


(36) 


where the subscript g means the gaseous side of the inter- 
face. The quantity Q is the overall heat per unit mass li- 
berated at the surface evaluated at the steady-state surface 
temperature 7 . The value of 0 can be positive or nega- 
tive depending 5 on the propellant ^lame models. 

For quasisteady gas-phase and unsteady solid combus- 
tion model, the heat feedback from the gas phase, 
0 = [X( dT/dx)] will depend on two variables which are 

perturbed from tRe steady state. These two variables can 
be chosen to be the instantaneous pressure and burning 
rate. It is worthwhile to see how this comes about. In 
quasisteady gas-phase laminar premixed flame theory, the 
burning rate r is the eigenvalue that is a function of 
7 , 0 , T f , and p , namely. 


r 


(7 


P> 


(37) 


The instantaneous flame temperature T f is defined by 


= rp s IQ f 


- c 


(T , - V 1 


(38) 


By combining Eqs. (37) and (38) with Eq. (34a) we get 

4>g = f 2 <p, r) (39) 

This conclusion is very important in the following model 
development. By introducing the following nondimensional 
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variables: 

e = (T ~ T 0 )/( T S - T q ) P = p/p = r/r 

X = x/ict/r) r = f/(cr /r 2 ) 
s s 

H = O/C (f - T ) (40) 

S S S O 

and seeking small amplitude solution perturbed around the 
steady state. 


e = e + e' p = i + p' p = hr’ (4D 
The first-order linearized system for Eqs. (33, 35, 36) is 


ae 

6r 


where 


ae a e -x , 

t e (m d t n P 

3X ax 2 s S 


t /\e' = ep' at X = 0 

oX 


0 =0 as X -* 00 


P = m G + n P 
s s 


o 


(42) 

(43) 


has been used to derive Eq. (42), Eq. (43) is the linear- 
ized expression of pyrolysis Eq. (34a), where 


m 




T /T 
o s 


ainr 

ainT 

5 


P 


n 


s 


r ajn£i 

lainp i T s 


(44) 


if a specific pyrolysis law such as Eq. (34b) is used, 

m = (1 - T /f ) (E /<PiT ) (45) 

os s s 

if Eq. (34c) is used, 

n s = o (46) 

Looking for an oscillatory-type solution using the com- 
plex variable representation (e g., P* = exp(/cjr) ), Eq. 
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(42) can be solved for the ratio 6 /P . Substituting this 
into Eq. (43), the propeliant response function is found to 
be 

R_ = 2iwmB t mrt s (\fu/4w-1 ) 

» — — — . - n (47) 

P m+/cj(2A-l)-(mt/(j)\pi|^^4 C j s 

in the limit of c o^o , the steady-state result should be 
recovered. This requires 


where 


m(B+n ) 
s 

A-m - 1 


+ n 

s 


d\nr 
d \np 


(48) 


is the burning rate-pressure sensitivity at steady state. 

For the case n =0, Eq. (47) can be written as 
s ^ 


2ium (A ~ro - f ) 

m +/ a>( 2A - 1 ) - ( m +/ cj) \(Ti74cj 


(49) 


Equations (47) and (49) express the response function us- 
ing four (o , m. n , and A) and three (a m , and A) 
p s p , 

parameters, respectiveiy. Out of these parameters, a 
is normally measured in a steady-state experiment and i§ 
usually a function of the pressure level (except when 

7 = ap 11 . then o = n): m and are also determined by 
pyrolysis experiments. The pararrfeter A is related to the 
gas-phase heat feedback (tp ) at the solid/gas Interface. 
The nondlmensionai heat feedback defined by 


s fMl 

g X lax Jg 

y 


is a function of P and R, as indicated earlier. 
(38) it is found that 


A 



+ mH t 
P 



Using Eq. 


(50) 


The two-parameter burning response expresssion by 
25 

Cuiick is equivalent to the right-hand side of Eq. (49). 
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The quantity (d<P /dR) p depends on gas-phase flame 
structure and is one ^of the major differences differentiating 
combustion models of this class. Many of the nonsteady 
burning models have been reviewed by Culick and Kuo 
and Coates 26 and we wili not go into the details for these 
models. However, it is worthwhile to point out that in ad- 
dition to the purely modeling approach, it is possible to 
deduce (8<I> /dR) p from either appropriate experiments or 
steady-state ^models using the Zel'dovich approach, which 
will be discussed in Sec. lii.C.c. 


ill Q . Response Function and intrinsic Instability . For 
a quasisteady gas flame, the acoustic admittance function is 
directly related to the propellant burning rate response 
function through the quasisteady continuity equation: 


V = 


pf u f 


(51) 


Perturbing the above equation and substituting it into 
Eq. (18), the acoustic admittance function for the propel- 
lant flame evaluated at the flame edge is 


Y 



p/pf 

i 

P 


(52) 


if ideal gas iaw is applicable, the above equation becomes 


y 



T , /T f 


(53) 


the last term in the above equation is equal to (y~^)/y if 
the flame temperature oscillation is isentropic, and is equal 
to zero if it is isothermal. In general this last term is 
small in comparison with the first two terms under instability 
condition. Thus the flame admittance function is predom- 
inantly determined by the burning rate response R ' /P 1 
when the gas phase is considered quasisteady. 

One important property of Eq. (42) is the condition that 
the response becomes unbounded. This is given by setting 
the denominator of the first term in the right-hand side of 
Eq. (47) to zero, i. e. , 


m t /oj(2A -1 ) 


(m t/w) 


(It/ 4(j) 


1/2 


0 


This complex equation defines a boundary line on the m vs 
A map, as shown in Fig. 2. The physical meaning of this 
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boundary Is that, on one side of the boundary, the steady 
burning-rate solution (or the steady temperature field in the 
solid) is iineariy unstable even in the absence of any pres- 
sure disturbance. This Is referred to as the "intrinsic 
burnina instability" first correctly identified by Denison and 
Baum. 0 Although from the first glance, the intrinsic ins- 
tability seems unrelated to rocket motor instability, as it re- 
quires no coupling from the chamber wave dynamics, its 
existence on the map of propellant parameters has a pro- 
found implication on the magnitude and the peaking fre- 
quency of the propellant response function. On such a 
map, the closer the propellant is to the intrinsic boun- 
dary, the larger is the peak response, with the peaking 
frequency close to the natural frequency on the intrinsic 
boundary at the nearest point. This can be illustrated in 



H [ = 1/2 (A/m + I ) ] 

Fig. 2 Solid propellant intrinsic stability map; gj is nondimensionai- 

_2 

ized by the solid thermal-relaxation time a $ /r . (From Ref. 24). 
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Fig. 3 using the KTSS unsteady solid propellant combustion 
model. 24 in Fig. 3, the value of the pyrolysis exponent m 
is increased from 6 to 10. For m = 6 and H = 0.75, 
(refer to Fig. 2), the propellant is close to the intrinsic 
boundary, with a natural frequency around 5; the calculated 
real part of the acoustic admittance shows a clear peak 
around that frequency. As m is increased to 7, the pro- 
pellant is moving closer to the intrinsic boundary, and the 
peak is higher with a higher peaking frequency. For m = 
10, the propellant is on the intrinsic boundary with cj=7. 75, 
the response function becomes unbounded at that frequen- 
cy. From a mathematical point of view, it is not difficult to 
understand this as a type of resonant phenomena. Refer- 
ring to Eq. (47), the response function is unbounded on 
the intrinsic boundary at the natural frequency because of 
the vanishing of the denominator of the first term on the 
right-hand side. As we move away from the intrinsic 
boundary, but stili ciose to the boundary, the denominator 
is nonzero, but small in the neighborhood of the resonant 
frequency, therefore it results in a peak in the response 
function. The magnitude of the peak is related to the ab- 
solute magnitude of the denominator, which, in turn, is re- 



NON- DIMENSIONAL FREQUENCY oj 

Fig. 3 Solid propellant acoustic admittance vs frequency: variation 
of pyrolysis power exponent m. (From Ref. 24). 
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lated to the closeness of the propellant parameters to the 
Intrinsic boundary. This Is analogous to the forced reso- 

nance problem in a spring-mass-dashpots system. 

In addition to the propellant parameters m and A, the 
magnitude of the response function is directly proportional 
to o when = o . as shown from Eq. (49). Therefore 
a more pressure-sensitive propellant (in steady burning) will 
generate a higher response. 

!!!.£'.£. ZeLdovich Approach . One way of deducing the 
value of parameter A in the response function (Eqs. (47) 

or (49)] for a given propellant without knowing its detailed 

gas flame structure is to use the Zel'dovich approach. 
27,28.81 /\ s S h 0wn ^ frq (39). the gas-phase heat flux 

at the solid surface can be expressed as a function of the 
instantaneous pressure and burning rate in the limit of a 
quasisteady gas phase. From Eqs. (34a) and (36), the 
surface heat flux into the solid X^OT/dx) is also a func- 
tion of pressure and burning rate 6 In order to deduce its 
rate of change with respect to pressure and burning rate, 
we note that, in the steady state 

x II = _ 7p c (f - t ) at x = 0 + (54) 

Sdx S S O 

r = Tip. T ) (55) 

Since the initial bulk propellant temperature T q is not 
varying in a given transient, it is not a variable in the un- 
steady problem. Therefore, by using Eqs. (54) and (55), 
T q can be used as a parameter to effect an independent 

variation between the pressure and the burning rate for the 
surface heat flux in the steady-state experiments, which 
should have the same functional form as in the quasisteady 
state. The experiment that is needed for this information is 
expressed by Eq. (55), i.e. , burning rate as a function of 
pressure and initial propellant temperature. 

Applying smail perturbation analysis to Eqs. (54) and 
(55) and using Eq. (43), it can be shown that the param- 
eters A and B needed in Eq. (47) for the response func- 
tion are 

A = - C m/Oj + m + 1 

8 = - c ° p /0 r f n s (C/0 r “ 


i) 


(56) 
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Abstract 

Secondary smoke formation in the boundary layer of a 
rocket plume is due primarily to the condensation of water in 
the form of a fog of small droplets. The presence of other 
soluble gases such as hydrogen chloride or hydrogen fluoride 
increases the amount and the rate of condensation. This smoke 
forms even for so-called smokeless propellants when the ambient 
air is sufficiently humid or cold. Secondary smoke is un- 
desirable because of the visible signature produced and the 
interference of the smoke with optical guidance systems. Con- 
densation in the plume is initiated on heterogeneous nuclei 
which are formed in the rocket motor. Modeling of the 
number, size distribution, and chemical composition of the 
smoke droplets as a function of radial and axial position 
in the plume has been achieved. The models permit computa- 
tion of the plume visible signature and laser signal 
attenuation. The predictions compare well with experimental 
measurements if allowances are made for limitations of ex- 
isting rocket plume models and the experimental data. 
Minimizing secondary smoke primarily requires reduction of 
water and halogen gas content of the combustion gases and 
potentially by modification of the condensation nuclei 
size and number. Some possibility exists for mechanical 
dispersion or chemical inhibition of smoke formation. 
Propellant formulation modification and possibly interior 
ballistic design appear to offer the most fruitful approach. 


This paper is declared a work of the U. S. Government and 
therefore is in the public domain. 

*Professor and Chairman, Chemical and Metallurgical Engi- 
neering Department, Mackay School of Mines. 
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Improved modeling of the dynamics of smoke formation, vis- 
ibility, and optical signal attenuation require further 
research in plume turbulence and mixing, heat and mass 
transport to droplets, thermal accomodation and condensation 
coefficients of submicron droplets, nucleation mechanisms, 
chemical and physical characterization of the condensation 
nuclei, and multiple optical scattering phenomena. 


Nomenclature 


A 

c p> Cp 

D 

E(k) 


fk 

F(r) ,f(r) 

H c , H s 

I 

i 

J 

K 

k 

L 

Le 

m 


arbitrary optical depth parameter 
specific heat per unit mass and mole, 
respectively , at constant pressure 
mass diffusivity 

turbulent energy of the plume as a function of 
wave number 

optical phase function defined by Eq. (18) 

Weibull cumulative and density distribution 
function, respectively 

heat of condensation and solution per unit mass, 
respectively 
light intensity 
osmotic coefficient 
rate of nucleation per unit volume 
Mie coefficient 

Boltzmann constant, absorption in complex index of 
refraction, thermal conductivity, or wave number 
mean free path of gas, optical length 
Lewis number 
index of refraction 


ffl = molecular weight 

N = number of nuclei per unit volume 

= Avogadro's number 
n = number of moles 

Pr = Prandtl number 


P 

P 

Qk 

R 

Re 

r 

r 

S 


= saturation pressure of component of plane surface 
sol ution 

= partial pressure of condensible in plume 
= optical quantity function defined by Eq. (20) 

= gas constant, plume radius, or radiance 
= Reynolds number 
= droplet radius 

= mean droplet radius 
= optical distance along line of sight 
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s 


Sc 

T 

t 

u 

u r 

u' 

V 

v 

w 

X 

X 

a 


Y 
X 

y 

V 

p 

a 


a ext 

a sc 

T 

CO 


= molecular speed ratio of bulk velocity normal to 
the droplet surface to the mean thermal speed of 
the gas molecules 
= Schmidt number 
= absolute temperature 
= time 

= average velocity 

= root mean square gas droplet velocity difference 

= root mean square velocity fluctuation 
= eye visual response 
= specific volume per mole 
= net condensation rate 
= axial distance 
= mole fraction 

= Wei bull distribution coefficient, thermal accommo- 
dation coefficient or correlating constant 
= Weibull distribution coefficient, condensation 
coefficient or correlating constant 
= specific heat ratio 
= wavel ength of 1 i ght 
= gas absolute viscosity 
= gas kinematic viscosity 
= gas density 

= surface tension of the liquid-gas interface, 
ratio of droplet to gas density, square root of 
variance 

= optical extinction coefficient 
= optical scattering coefficient 
= optical depth 

= turbulent transport coefficient, or number of 
nuclei per unit flow area per unit time 
= local velocity fluctuation frequency 


Subscri pts 

B = background 

D = mass 

e = plume edge 

f = film 

h = heat 

i = ith component 

m = plume centerl ine 

o = initial or at nozzle exit 

r = droplet 

s = solvent 

sol = solution 
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°° = freestream 

t = turbulent 

Superscri pts 

o = pure 


Introduction 

Smoke can be arbitrarily categorized as primary or second- 
ary. Primary smoke is composed of solid particles emitted by 
the rocket in such a number and size as to scatter or absorb 
light sufficiently to be detectable in the plume. Alumina 
from aluminum powder added to a propellant to increase its 
specific impulse or to enhance its burning stability is the 
most common source of primary smoke. Other sources are burn 
rate modifiers based on salts of iron, chrome, copper, lead, 
tin, and carbon. Secondary smoke, or fog, is formed from the 
condensation of gases such as water, HC1 or HF in the mixing 
boundary layer of the plume in the form of liquid or frozen 
droplets in sufficient number and size so as, again, to scatter 
or absorb light sufficiently to be detectable. So-called 
"smokeless" solid propellants are formulated with aluminum and 
burn rate additives reduced to a minumum compatible with 
interior ballistic requirements, generally less than 1-2 wt.% 
of the propellant. They are not truly smokeless since the ex- 
haust contains condensible gases which will form a fog under 
the proper conditions of relative humidity and temperature of 
the ambient air. Primary smoke generally is still present in 
smokeless propellants but not in sufficient density to affect 
the mission of the rocket. 

This paper is concerned with these smokeless propellants 
and the secondary smoke formed in the rocket plume. In what 
follows, it is to be understood that a reference to "smoke" is 
to secondary smoke or fog. 

Chemical Origin of Smoke 

Modern high performance solid propellants are formulated 
from ammonium perchlorate (AP) and nitramine or fluoramine 
oxidizers with various hydrocarbon, nitrocellulose, or fluor- 
ocarbon fuel binders and hydrocarbon or nitroplasticizers. 
Typical nozzle exhaust gas compositions influencing the form- 
ation of smoke are given in Table 1. 

Smoke may form anywhere in the plume where the thermo- 
dynamic dew point requirements of temperature and composi- 
tion are new. Liquid phase solutions of H 2 O-HCI and H 2 O-HF are 
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Table 1 Gas composition of typical smokeless propellants 


Class of propellant 

Theoretical 

co h 2 

gas composition. 
H 2 0 HC1 

, mole % 
HF 

AP-hydrocarbon 

13 

6 

42 

20 

- 

HMX-nitrocel 1 ulose- 

6 

15 

20 


_ 

nitroplasticizer 

AP-HMX-ni trocel 1 ulose- 

23 

17 

23 

4 

_ 

ni troplasticizer 

HMX-fluorocarbon 

30 

1 

5 

- 

16 

Nitrocellulose- 

37 

26 

9 

_ 

_ 


nitroplasticizer 


nonideal; the saturation vapor pressure of the solvent water 
of such solutions over a plane surface can be expressed by the 
following equation, neglecting nonideality in the gas phase 

p = p°/(l+in/n s ) (1 ) 

The osmotic coefficient allows for the nonideal behavior 
of the solute in the liquid phase. The value can be as high 
as 40 for concentrated solutions of HC1 dissolved in water. 
Hence, HF, and to a much greater extent, HC1 , will depress the 
equilibrium vapor pressure of water over the solution more 
than would be predicted for an ideal solution where i = 1. 
Further, from the Kelvin equation which corrects for the effect 
of radius of curvature of a pure droplet on vapor pressure, 

p°/p° = exp(2crv/RTr) (2) 

Compared with a plane surface, a droplet requires a higher 
partial pressure of condensible gas before condensation will 
take place, i.e., the gas must be supersaturated relative to 
the plane surface saturation pressure. 

Equations (1) and (2) can be combined to express the 
vapor pressure of the solvent of a droplet of solution 

p r = p°exp(20v/RTr)/(l+in/n s ) (3) 

For solutions of HC1 - water or HF - water for which experi- 
mental vapor pressure data are available, Eq. (3) may be 
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written as 

P r = P° ol exp(2crv/RTr) (3a) 

Similar equations can be written for the vapor pressure of the 
solute gas. Wherever the partial pressures of the solute and 
solvent in the plume are greater than or equal to the pres- 
sures calculated from Eqs. (3) and (3a) for a given droplet 
radius, condensation can take place. 

In Fig. 1, a plume emitting from a 1 ft nozzle into still 
air for a rocket containing 86 wt.% AP - hydrocarbon rubber 
binder is modeled as a function of radial and axial distance. 
Similar temperature, composition and velocity profiles were 
assumed. As the plume moves downstream it mixes with the 
ambient air, generally increasing in water content, decreasing 
in temperature, and diluting the local partial pressures of the 
condensibles. The calculated thermodynamic dewpoint regimes 
for two conditions of ambient air mixing with the plume are 
shown, 21 . 1 °C and 100% RH, and -40°C and 0% RH. The labelled 
lines, (a) and (b), respectively, define the minimum radial 
distance from the plume centerline at which Eq. (1) for con- 
densing HC1 and water is satisfied. At radial distances 
closer to the centerline, the gas temperature is too high to 
permit condensation to take place. The zone bounded by this 
limit and the plume edge defines the maximum volume of the 
plume in which condensation can potentially occur. For 21.1°C 
and 100% RH air this could occur anywhere in this volume, but 
for the -40°C, 0% RH air, nearer the edge of the plume the 
condensible gases have been diluted to below the saturation 
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conditions. In either case, the zone for smoke formation is 
more restricted than shown due to the requirements for super- 
saturation defined by Eq. (3) or (3a). Also at sea level, 
some of the H 2 and CO noted in Table 1 will be oxidized to 
water and CO 2 in the plume. This "afterburning" provides 
additional water and heat, modifying in general the potential 
saturation zone of the plume. 

Qualitatively, it would be expected that the lower the 
water, HC1, and HF partial pressures, the lower the potential 
for smoke formation. Oliver! predicted from thermodynamic 
dew point considerations for plane surface condensation the 
ambient air conditions for which smoke could form. His com- 
putations considered two limiting cases - one for isothermal 
mixing at a fixed dilution ratio of air to propellant gas, and 
the other for adiabatic mixing at the limiting dilution ratio 
permitting condensation. Computations for typical formulations 
are shown in Fig. 2 as a plot of the maximum relative humidity 
as a function of the lowest air temperature for which smoke 
will not appear at sea level. Both the isothermal and adia- 
batic cases are shown. Smoke should form only for conditions 
above these limiting curves, the so-called "smoke profiles" 

The "smoke profiles" move up and to the left, i.e., to higher 
relative humidities and lower temperatures, for an increase 
in altitude. Oliver argues that somewhere in the plume, in 
the region between the adiabatic and isothermal smoke profiles, 
smoke will appear. Coughlin^ adapted Oliver's method to the 
plume itself, permitting an estimate of the distance from the 
nozzle exit at which smoke would appear in the plume. 

Calculated smoke profiles based onthe vapor pressure of a 
plane surface are not strictly correct, but in many instances 
are close enough to the correct profiles based on the vapor 
pressure of droplets. It follows from Eq. (2) or (3) that a 
nucleus of radius r and supersaturation of the gas are required 
before condensation can occur. The nature and origin of these 
condensation nuclei are discussed in the next section. 

Homogeneous and Heterogeneous Nucleation of Smoke 

It may be seen from Eqs. (3) and (3a) that the saturation 
conditions at a specified temperature are a function of the 
radius of the droplet. Defining the radius of a droplet in 
equilibrium with the gas phase to be r*, we obtain from Eq. (3a), 

r* = 2ov/(RT r ln p/p° Ql ) (4) 

For multicomponent condensation, the ratio P/P^q] for each 
component must be the same, defining a single value of the r* 
with the solution composition determining a and v. At equi- 
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librium conditions, the droplet temperature will be equal to 
the gas temperature. If p = pO pr*-^ 00 , and we have the case 
for a plane surface, usually defined as the thermodynamic dew 
point. If p<p° 0 i , r*<0 and any droplet present would spon- 
taneously evaporate. For p>p° ol the gas is supersaturated and 
any droplet larger than r* will grow by condensation. A drop- 
let of radius r* will be in equilibrium and will neither grow 
nor evaporate. It follows from this consideration that it 
would be impossible for a gas to condense unless there were 
nuclei sites present, or would subsequently be formed, that 
are at least as large as r* for the environmental conditions 
of p, T, and p° ol . 

The condensation nuclei can form by the collision and 
agglomeration of a sufficient number of molecules. If the 
molecules that combine to form the nucleus are composed of the 
condensing gases, the formation is termed homogeneous. Other 
chemical species present or formed in the rocket, such as 
aluminum oxide, soot, alkali salts, lead salts, etc., which 
can condense homogeneously in the rocket chamber, nozzle, or 
plume present sites on which the water, HF, or HC1 gases can 
condense to form secondary smoke. These sites are termed 
heterogeneous nuclei. Liner and insulation fragments may 
also serve the same function. 

Homogeneous nucleation theory was developed by Becker and 
Doring, Volmer, and Frenkel ^ among others, based on classical 
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kinetic theory of gases and the Kelvin equation. As reviewed 
by Wegener and Wu, the rate of nucleation, number per cubic 
centimeter per second, is 

J = /27i(N A 2/ VR 2 )(p/T) 2 (/aM7p r )exp(-n*ln(p/p° ol )/2) (5) 

where 

n* = (W3)p r (N A /M)r* 3 (5a) 

The rate of nucleation is a function of the supersaturation 
ratio, P/P° or 

The classical theory has been found to be in error by 
factors of 10”° to 10° depending on the mole fraction of the 
condensible in the gas stream. Attempts to modify this theory 
by incorporating contributions to the energy of formation of 
the nucleus from statistical mechanical considerations and for 
finite rate heat transfer during nucleation have not materi- 
ally corrected the large discrepancy between experimental and 
theoretical values. Since theoretical considerations utiliz- 
ing Eq. ( 5 ) for the prediction of the number of nuclei formed 
are not adequate, it is necessary to obtain this information 
experimentally. Experimental data for the number of nuclei 
per cubic centimeter formed for water, alcohol, benzene con- 
densation from the vapor phase, and for the formation of soot 
in methane - oxygen flames range from lCr/cm3 to io z /cm^ with 
nuclei sizes ranging from 10 to 1000 A. Arkhipov and 
Ratanov' report soot formation in solid propellants with an 
average diameter of 1000 A at the nozzle exit. 

Since the dynamics of secondary smoke formation depends 
on nucleation, information on the number, size distribution, 
and chemical nature of the nuclei is required. Some measure- 
ments of the nuclei for several AP and non-AP propellants have 
been made by the U.S. Army Missile Command in their Smoke 
Characterization Facility (SCF),®»^ described later. Values 
of loVcm3 to 10°/crrr with nuclei sizes ranging from 10 to 
1200 A are reported. The data support a conclusion that the 
nuclei for secondary smoke are heterogeneous. The experiments 
and their interpretation are covered later. 


Modeling of Secondary Smoke 

The Dynamics of Secondary Smoke Formation 

The treatment of the dynamics of secondary smoke form- 
ation in the rocket plume is related to meteorological models 
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for the prediction of cloud formation and rain fall. If the 
local conditions in the plume permit condensation on the het- 
erogeneous nuclei present, the rate at which a droplet of 
radius r will grow may be written 

r dr/dt = <5 D (vD f /RT f ) (p-p r )/(l -p r ) (6) 

Based on Ranz and Marshall's^ experimental correlation for 
mass transfer to spheres the turbulent mass transport coef- 
ficient is 

V 2 73 

$ D = 1 .0 + 0.3Re f Sc f (6 a ) 

Equation (6) is satisfactory if the radius of the droplet 
is large compared with the mean free path of the gases in whth 
the droplet is immersed. Typically, when condensation initi- 
ates on the nuclei this is not the case. Fuchs 1 ^ showed that 
the classical equation for molecular diffusion should be cor- 
rected by a factor derived from the kinetic theory of gases 

l/{(27rM/RT r )(D/rB) + (r/(r+L) )} ( 6b ) 

where 3 is a condensation coefficient correcting for the 
molecules rebounding from the droplet surface without stick- 
ing. There has been some uncertainty over the correct value 
for B, even for water. However experimental values of 3 have 
increased from early values of 0.04 as experimental technique 
has improved. The data and analysis of Mills and Seban, 1 -^ 

Ru Maa, 1 ^ and Kroger and Rohsenow 1 ^ indicate that 3 for water 
is equal to one. It is assumed here that 3 for HC1 or HF 
condensation is also one. 

In addition to the Fuchs correction, during net phase 
change the bulk vapor velocity normal to the droplet surface 
alters the equilibrium molecular velocity distribution. 
Schrage 1b took this into account in deriving an expression for 
the net condensation rate. The net condensation rate correct- 
ing the Hertz - Knudsen physical model of evaporation and 
condensation is 


W = 3(r(p//2TTRT) - p r //2T7RT r ) w 

where 

T = exp(-S^) + A . S (1+erf S) (7a) 

Mills and Saban linearized r and simplified Eq. (7) to 


w= 3/0-0.53) (p//2nRT - p r //2TrRT r ) 


(7b) 
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for 0<abs(s)<0.001 and 

w = B/(1-0.523B)(p//2ttRT - p r //2TTRT r ) (7c) 

for 0.001<abs(s)<0.00. 

For a 3 of 1 , the coefficient of Eqs. (7b) and (7c) are 
2.0 and 2.1, respectively. Incorporating a value of 2.0 
into the Fuchs correction and assuming as a first approxi- 
mation that these corrections can be applied to turbulent 
flow conditions , 

r dr/dt = fp(vD f /RT f )(p-p r )/(l-p r ) (8) 

where 

= 2$ D /((2^M/RT r ) Js (D/r)+2r/(r+L)) (8a) 

Equation (8) is written for single component condensation. 
For dilute multicomponent condensation, Eq. (8) can be used to 
calculate the increase in radius of the droplet produced by 
each condensing component. 

An analogous equation can be written for the rate of tem- 
perature change of the droplet due to convective heat transfer 
with the ambient gas, and heats of condensation and solution: 

mc p dT r /dt = $hk f .4ur(T-T r )+H c +H s (9) 

and 

<S>1 = $ h k(2TrMRT r )7((C p (Y+l)/2 Y )Pra + r/(r+L)) (9a) 

From Ranz and Marshall J' 

$ h = 1.0+0.3Re f " 2 Pr f 1/3 ( 95 ) 

The turbulent transport factors, and $>p, are dependent 
on the relative velocity between the droplet and the gas 
stream. The root mean square gas droplet velocity difference 
induced by turbulent gas velocity fluctuations can be pre- 
dicted for a droplet which is smaller than the scale of 

turbulence from Soo,^ 

u 2 r = u* 2 />( ] W 2) )E(k)dk (10) 

E(k), the turbulent energy spectrum of the gas stream, is a 
function of the turbulence wave number, k, 

k = 2™/u m 


(10a) 
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U™ is the average plume centerline gas velocity relative to 
tne plume edge velocity. The other variables are defined by 

tt (1) = {((l-e)/6)(co/ot)> 2 (10b) 

= (1/3^) (oo/a)^ + ( /S/3) (to/a ) 12 + 3 (to/a) + 6(to/a)^ + 1 (10c) 

a = 3v/r 2 , 3 = 3p/(2p r + p) (lOd) 

io ig 

Generalized computations' 5 of u r have been made for 
particle densities of 1.1, typical of HC1 -water droplets, and 
3.3 g/cm^ (alumina) based on the turbulent spectra data of 
Hetsroni and Sokolof 20 for a subsonic plume at 20-30 nozzle 
diameters at low particle loading. Data from Laurence 2 ^ were 
used for distances less than the length of the potential core. 
The calculated values of u r /u' can be correlated, based on a 
modification of the work of Levich and Kuchanov, as a func- 
tion of (r 2 u IJ1 a/v^) with a the ratio of droplet to gas density. 
v t = (l+f(Rej)v where f(Re) is an experimental factor correct- 
ing the Stokes drag coefficient for higher Reynolds numbers^ 
and corrected for noncontinuum flow by the experimental data 
of Mi 11 i kan . 24 jhe graphical correlation is shown in Fig. 3. 
Typically for a 1 pm radius droplet in the boundary layer 
where condensation takes place, for an axial velocity of 
300 ft/s, u r /u' is approximately 0.4. If the turbulent behav- 
ior of relatively low velocity, cold free plumes can serve as 
an approximation to a rocket plume, u' would be approximately 
20 ft/s - significantly greater than the velocity difference 
calculated from the Stokes' considerations of drag and iner- 
tial forces. 

The droplets at any axial and radial position have a size 
distribution determined by the local condensation dynamics and 
the nuclei size distribution. It is convenient computationally 
to correlate the size distributions by means of the Wei bull 
cumulative distribution relation, 

F(r) = l-exp(ar^) (11 ) 

or the Wei bull density distribution, 

f(r) = a 3 r^exp(-ar^) (11a) 

the mean of r, 

r = a" 1/£5 r(l+l/3) (Hb) 

and the variance, 

a 2 = a" 2/3 (r(l+2/8)-(r(l+l/3) 2 ) (He) 

with a and gcorrelating coefficients. 
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Final ly, o the rocket plume itself may be modeled by the 
LAPP program 2 ®- defining radially and axially the velocity, 
mass concentration, and temperature fields. The number of 
droplets or nuclei per unit volume, N, at any location can be 
predicted as a function of the LAPP gas velocity, if it is 
assumed that. all particles spread at a rate which is independ 
ent of their size and droplet loading, by 

N = <f 0 (( u nr u e)/ u o)^ u-u e)/( u m- u e)) SCt 02) 

The Lapp code permits a choice of various mixing models - 
Donaldson-Grey, Ting-Libby for example - which influence the 
resulting velocity, temperature, and concentration profiles. 

The set of equations given, using the LAPP plume output, 
the necessary physical, chemical, and thermal properties, and 
the nuclei number and size distribution, are integrated using 
an adaptation of Gear's explicit-implicit numerical integra- 
tion routine 2 ® along four streamlines simultaneously. This 
constitutes the DR0P4 code .19,27,28 The number, size, and 
composition of the droplets are calculated as a function of 
radial and axial position in the plume. It is assumed also 
that the droplets tracked along the streamlines are represent 
ative of the average population on that streamline. It is 
further assumed that the plume acts as an infinite source and 
sink, i.e., the mass and thermal effects on the plume due to 
condensation are small compared with the total mass of poten- 
tially condensible gas and enthalpy of the plume. 

A dynamic model similar to DR0P4 was developed by 
Meyer. 29 He neglected the effects of turbulence and nonequi- 
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librium molecular velocity distribution on condensation. 
Coupling of condensation with the plume was approximated by 
allowing for the removal of condensibles and the increase in 
plume temperature along streamtubes without diffusional com- 
pensations. Victor and Breil's model™ is a simplified version 
of the above treatment, neglecting the same factors as Meyer, 
the coupling of condensation with the plume, and uses a sim- 
plified plume code. 

1 2 

Equilibrium models ’ consider only that when the concen- 
tration of condensibles exceeds the thermodynamic requirements, 
smoke can form. As an indicator of the incidence of secondary 
smoke, they are useful. They do not describe any details of 
number, size distribution, and chemical composition of the 
droplets. Consequently they cannot quantify plume visibility 
nor optical signal attenuation through the plume. 

In this analysis, it has been tacitly assumed that the 
effects of coagulation of droplets due to Brownian motion, 
turbulent diffusion, and relative velocity due to turbulence 
are negligible. From Levich, these may be estimated, assum- 
ing each collision leads to agglomeration. The change of the 
number of droplets per unit time, dN/dt, for an N of 3 + 

05/cnr by Brownian motion is about 100/s and would predominate 
for droplet diameters smaller than 0.4 ym. At a diameter of 
1 ym dN/dt by turbulent diffusion would be approximately 
1500/s and would predominate for droplet diameters up to 6ym 
At a lOym diameter, dN/dt caused by relative velocity due to 
turbulence would be about 2500/s. Coagulation effects would 
be important therefore for relatively long periods of time, 
minutes to an hour, depending on the mode of coagulation that 
is dominant. According to Langmuir, 2 it may be noted that 
the coagulation efficiency is much smaller than unity. As 
will be seen in succeeding sections, the formation of smoke in 
the plume generally occurs in the millisecond to deci second 
time period, and coagulation is not important in smoke devel- 
opment in the boundary layer of a rocket plume. Consideration 
of the stagnant contrail or postfire cloud formation and dis- 
sipation however would have to include collisions and agglo- 
meration. This regime is not included in the DR0P4 model nor 
any of the other referenced models. 

Opacity Theory for Visible Light 

Light Scattering. The theory of scattering of light by 
spheres is available in several texts, 33-35 anc j only the 
elements relevant to secondary smoke in the rocket plume will 
be reviewed here. A suspension of particles removes energy 
from an illuminating beam by scattering, and also by absorp- 
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tion if the particles absorb in the frequency of the beam. If 
in a unit volume of the suspension there are N particles of 
uniform radius, r, and a particle extinction coefficient 
(Mie coefficient), K, the Beer-Lambert-Bouger law describes 
the light attenuation 

I/I = exp(-N 7 rr 2 KL) (13) 

The Mie coefficient is a function of a particle size parameter 
a = 2-rrr/X and may be predicted from the Mie theory for spher- 
ical particles, for monochromatic light of wavelength X, and 
the index of refraction of the droplet. It is convenient to 
assign to absorbing materials, such as carbon and alumina 
found in primary rocket smoke, a complex refractive index 
m = m 0 (l - ik), where k is the absorption coefficient of the 
material at that wavelength. For secondary smoke in visible 
and near-visible light, extinction is dominated by scattering 
and we need only deal with the real portion of the refractive 
index. Typical variations of K with a and m are given in 
Fig. 4. Since a monochromatic beam traversing through the 
plume scatters from droplets of varying number density, size, 
and index of refraction, it is necessary to modify Eq. (13) to 
describe the extinction. In terms of the DR0P4 output 

L o° 9 

In I/I n = -// N Kf (r)irr^drdX (14) 

0 oo 

N and f(r) are functions of the radial and axial position of 
the plume. For a given DR0P4 output and plume geometry, values 
of N, K, a, 8 are stored in a matrix as a function of radial 
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and axial position in the plume. Equation (14) is then inte- 
grated numerically to determine the attenuation of the light 
signal. A computer code, acronym OSA, computes this for any 
geometry of the beam relative to the plume, for a beam whose 
diameter is small compared with the diameter of the plume. 

As defined by Eq. (14), the equation will be incorrect 
when the particles are spaced closer than a few droplet diam- 
eters. They then interact electromagnetically and the value of 
K is modified. For the case of a plume geometry given by the 
following equation^ for the plume radius as a function of 
axial distance 


R = 0.2 + /0.5X 

with a water droplet size distribution of 

N r = Arexp(-8.944/r) /(1+r^+X^) 

an incident unpolarized light beam of 1 cm in diameter, and 
X= 0.5 ym, Hoshizaki et al.36 found that the effect of mul- 
tiple scattering becomes important for an optical depth t> 0.4. 
For the Beer-Lambert-Bouger equation, this is equivalent to an 
I / I 0 — 0 . 67 . 

P lume Visibility. This portion is drawn from Hoshizaki 
et al. 36, 37^0 developed a model for predicting the prob- 
ability of visual detection of a smoky rocket plume. The 50% 



Fig. 5 50% probability of detection visual threshold. 
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Fig. 6 Probability of detection as a function of relative contrast. 


probability of detection is based on field data from the U.S. 
Air Force Compass Ghost Program-^ of observations of jet air- 
craft and jet plumes for both sunlit and shaded conditions. 

The data obtained for nonsmoking aircraft, and plume visibility 
points computed by a model developed by Hoshizaki et al ., are 
shown in Fig. 5 where visual angle is plotted as a function of 
target contrast. The probability of detection for any other 
target contrast relative to the 50% probability point is deter- 
mined from Blackwell^O who gives an average probability of 
visual detection as a function of relative contrast of various 
target shapes, sizes, and backgrounds. His data are shown in 
Fig. 6. 

Plume contrast is related to the plume and background 
radiance by 


plume contrast = (/(Rp-Rg)V^dX)//RgV^dX ( 15 ) 

In this study, R and Rg are calculated with respect to a given 
observation point. From this, the field of view that encom- 
passes the plume is determined. Selected points on the plume 
surface that are within the field of view are chosen. The 
direction of the light ray is calculated at each point and the 
intensity at the observation point is computed from radiation- 
transfer equations. The plume radiance is then obtained by 
integrating the selected points over the plume surface. In 
the background calculation, the volume occupied by the plume 
is replaced by the background medium, e.g., clear sky, haze, 
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etc. The field of view and the selected points on the plume 
surface are identical to those used in the plume radiance 
computation. Schematics of the relation of the plume to the 
sun and background scattering is shown in Figs. 7 and 8. 

Using the approximate method of Chou,^ the general 
radiation-transfer equation is solved based on Hartel's 
work. Hartel proposed that the scattering intensity at a 
given point in the medium may be written as the summation of 
various scattering levels, k, each having a known phase func- 
tion, f^ (as determined from the phase function of single 
scattering), and a quantity function (or energy density) Q^. 
First-order intensities are the intensities that have been 
scattered once; the second-order intensities are all the in- 
tensities that have been scattered twice, etc. 

The general radiation equation is expressed by 

6I/6s + W = ° sc (Q o fi ( cos V 

+ / Q 2 d^ 1 /^ If-| (costlOsine'de 1 ) 

See Fig. 8 for the coordinate system. 

The total intensity is expressed as: 

1 * l Ok f k ’k 


(16) 

(17) 



Fig. 7 Formation of secondary smoke and rocket plume visibility. 
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where ip is the scattering angle relative to the direction of 
a ray. 0 

f k cosi|; o = (1/4 tt)E (2N+l)(A n /(A 0 (2n+l))) k (18) 

x p n cos^ o 

Q 0 = exp(-/[ o a ext dL) (19) 

and N 

f i costly = (l/4ir)E o (A n /A 0 )P n cosiJ; o (19a) 

P n cosip o are the Legendre polynomials of order n and A n are 
coefficients derived from Mie theory by Dave. 43 f-|Cos^ is 
normalized such that integration over all solid angles 0 
around the incident direction yields the value of unity. The 
quantity function is given as 

Q k _l = /d(f>/I k _.| (0,<j>)sin0d0 (20) 

8 and 4> are the polar and azimuthal angles of the light ray. 

The droplet size distribution and number density are 
determined from the model described above. For a given drop- 
let size, light wavelength, and index of refraction, using the 



Fig. 8 Coordinate system and geometry. 
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method of Dave, 43 the extinction coefficient, the scattering 
coefficient, and the Legendre coefficients needed to calculate 
the phase function f^ are computed. At any point in the 
plume, the total values are found by 


°ext = • f ‘W' )f(r)dr 

(21) 

“sc * /CT sc (r)f(r)dr 

(21a) 

A n = /A n (r)f (r)dr//f(r)dr 

(21b) 


These, together with the plume size, completely define the 
plume medium. 


Experiments in Secondary Smoke Formation 

Secondary smoke produced by various solid propellants has 
been characterized under controlled ambient conditions using 
subscale motors in the U.S. Army Missile Command's and U.S. 
Air Force Arnold Engineering Development Center's test facil- 
ities. Additional data have been obtained from high -altitude 
and sea level flight tests at Eglin Air Force Base, and from 
static motor tests at the U.S. Army Missile Command. Measure- 
ments of condensation nuclei in the plumes from several pro- 
pellants were also made at the (J. S. Army Missile Command. 

Facilities 


U.S. Army Missile Command Smoke Characterization Facility 
(SCF)T The SCF is a 19.6 cm3 insulated environmental chamber 
in which small-scale rocket motors containing 65-75 g of pro- 
pellant are statically tested. The chamber temperatures are 
controllable in the range of -40°F to 1 40° F with relative 
humidities of 20-100%. The chamber has multiple access 
ports for instrumentation. The motors utilize a smokeless 
igniter and are fired inside the conditioned chamber. A 
schematic diagram of the SCF is shown in Fig. 9. The exhaust 
gases from the rocket are mixed with fans, and transmission 
and droplet counting measurements are made after several min- 
utes to characterize the smoke. 

The SCF equipment used for smoke analysis consists of 
Anderson cascade impactor, a Climet particle analyzer, and 
several transmissometers operating at discrete wavelengths in 
the visible and near infrared. Details of the SCF and instru- 
mentation are available in Refs. 8 and 9. 
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U.S.A.F. Arnold Engineering Center Ballistic Range . This 
range, Fig. 10, consists of a 10 ft diam, 1000 ft long tank 
through which a small-scale rocket (9-1/2 in long by 1-1/4 in 
diam) is flown. The rocket is gun launched and ignited in 
flight. The test range can be evacuated and the pressure 
controlled to simulate high altitude flight. For condensation 
studies, a climatic chamber for temperature and humidity con- 
trol is installed about 100 ft from the range entrance. Doors 
on the chamber are dropped just before model launch. Tests 
for condensation can only be made at atmospheric pressure. 

The range is instrumented with visible and x-ray shadowgraphs. 


FRONT VIEW 


REAR VIEW 



Fig. 9 Schematic of U. S. Army Missile Command Signature 
Characterization Facility (SCF). 



Fig. 10 U. S. Air Force Arnold Engineering Development Center 
Ballistic Range. 
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Fig. 11 Experimental 
cumulative number of 
condensation nuclei 
exitting rocket nozzle 
as a function of nucleus 
radius. 


Schlieren, high-speed photograph, laser scattering, tempera- 
ture rakes, radiometers, and particle collection devices. 

SCF Results and Comparison with Models 

Condensation Nuclei . If a multitude of nuclei ranging in 
size and number is produced in the rocket, as the supersatur- 
ation in the SCF chamber is increased by increasing the 
humidity or decreasing the temperature, it may be seen from 
Eq. (4) that ever smaller nuclei will be activated to grow by 
condensation. The greater the number of nuclei activated to 
grow, the greater the density of the smoke. If it is assumed 
that each droplet counted has grown from a single nucleus, the 
number of droplets counted is identical to the number of acti- 
vated nuclei present. Thus the total number of droplets in the 
chamber for a given supersaturation ratio is the number of 
nuclei larger in radius than r* calculated from Eq.(4). 

If it is assumed that the droplets are spherical, and 
that after 5 min the droplets are all or close to the same 
size, the attenuation of a light beam passing through the 
smoke can be described by the Beer-Bouger-Lambert equation 
given before - using an average droplet radius. From light 




SMOKELESS PROPELLANTS 863 

transmission measurements made at 0.52, 0.63, 0.85, 0.95, 
and 1.06 ym, knowing L, the theoretical values of the Mie 
coefficient, the equilibrium temperature in the SCF, and 
the partial pressures of the condensible gases, values of N, 
average radius, and the chemical composition of the droplet 
are derived. 

The results of the measurements are shown in Fig. 11 as a 
cumulative distribution plot of N vs r* for two classes of 
propellant - an 87 vit.% ammonium perchlorate - rubber binder 
propellant with 1% aluminum or ZrC additive, and TMETN - POP 
propellant with varying amounts of HMX, ammonium nitrate, and 
ammonium perchlorate plus 1 wt.% carbon. The smoke droplets 
for the non-AP propellant were frozen at the test conditions, 
and the point plotted represents the total number of nuclei 
assuming that all nuclei are activated under freezing condi- 
tions. Only the calculated results based on an assumption of 
complete afterburning of hydrogen to water are presented. The 
correlation for nonafterburning resembles the one for after- 
burning displaced to larger r* values. The degree of dis- 
placement depends on the oxidation ratio of the propellant. 
Several general observations may be made: 

1) The number of nuclei increases as the nucleus radius 
decreases, as expected from the discussion above. 

2) The higher the concentration of AP in the propellant, 
the larger the number of condensation nuclei. 

3) No effect of binder, HMX, nor ammonium nitrate on the 
number of nuclei can be discerned. 

4) Assuming that the microrocket used in these tests 
delivers a specific impulse of 200 Ibf-s/lbm, or an exhaust 
velocity of 6440 ft/s, the total number of nuclei emitted from 
a high-AP propellant is approximately 1.3 + 11/ ft ^ of gas or 

4 + 06/cm^ of gas. The number of nuclei per unit volume 
measured is 3 to 6 orders of magnitude smaller than observed 
for homogeneous nucleation of water or water-alcohol in a 
nozzle or for soot formed in rich methane-oxygen flames. The 
non-AP or low-AP propellants produce significantly lower nuclei 
concentrations. The nuclei sizes calculated from the data are 
in the same range as for the other nuclei data reported in the 
literature. The data do not permit the computation of a size 
distribution. Counts of the number of droplets made with the 
Climet agree with the light attenuation counts within a factor 
of 1.5 to 2.5. 

Additional tests were made in the SCF at air temperature 
and relative humidity conditions which avoided formation of 
secondary smoke, and the condensation nuclei counted directly 
with an electrical aerosol analyzer (EAA). The EAA scans 
through 11 size channels from 0.0032 ym to 1 ym diam. The 
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instrument measurements are less accurate at either extreme, 
but it permits the measurement of particles to at least 1 
order of magnitude smaller than the Climet which is limited to 
about 0.3 pm diam. EAA counts were all made after the 5 min 
mix period in the SCF from samples diluted by 100:1 with dry 
nitrogen to avoid coagulation during counting - about 1 min. 
The EAA measurements for the high-AP propellant yielded a 

count of 6 + 06/cm3 for particles larger than 50 A with some 
indication that the count could be as high as 5 + 07/cm3 for 
nuclei radii larger than 30 A. A similar experiment with a 
double-base propellant containing 2 wt.% lead salts and carbon 
produced a count of 2.5 + 06/cm^. The nuclei size distribu- 
tion, as obtained from the EAA data, was found to be Gaussian 
with a = 0.5865 + 03, 3 = 2.4625, 0 = 0.3000 - 01 , and r is 
0.0610 pm. Background count of the nuclei in the SCF prior to 
the motor firings was of the order of lO^/cm^. Both the op- 
tical and EAA counts are faulted by the sample time of 5 min 
and by the action of the mixing fans. 

From the Einstein equation for diffusion, Smolochowski^ 
predicted for the agglomeration of a unimodal distribution of 
particles in Brownian motion, assuming that each collision 
leads to agglomeration 

1/N - 1/N q - (4/3)(kT/p]t = K 0 t (22) 


For air at room temperature, K Q = 1 .8 - 08 cm /min. From Eq. 
(22) an estimate can be made of the nuclei concentration at 
time zero. For the optical counts on the AP propellant, N 0 is 
3.1 + 05 and for the EAA, N is 1.3+07 (based on N = 6 + 06) 
N 0 by either method should be precise within a factor of 2. 


If from Cadle,^ based on experimental data for a carbon aer- 
osol, K 0 =1.41 - 07 cm^/min is used, N„ for the optical 
measurement is 3.8 + 05. N 0 for the EAA measurement would be 
indeterminate but much higher and possibly closer to the 10^ 
to lO^/cm^ found by other investigators. The optical data 
from SCF tests are more extensive than the EAA data and be- 
lieved to be more reliable. 


Since the counts made with the EAA were made under con- 
ditions prohibiting the formation of secondary smoke, it may 
be concluded that the smoke for AP and double-base propellants 
initiates on heterogeneous nuclei. No satisfactory data 
presently exist for the chemical compositon of these nuclei 
but they probably comprise soot, alumina, calcium, potassium, 
lead, or tin salts produced in the rocket chamber. 

No explanation can be given at this time for the differ- 
ence in nuclei counts from the optical and EAA measurements. 
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However, as will be shown later, secondary smoke predicted by 
the derived dynamic model is consistent with a concentration 
of 10 5 to 10°/cm3. Since the rate of droplet growth on the 
heterogeneous nuclei is very rapid, of the order of milli- 
seconds to droplet radii larger than 0.2 pm, the local super- 
saturation ratio should be depressed sufficiently to prevent 
homogeneous nucleation from being a significant factor in smoke 
formation in the plume. Smoke formation in the relatively 
stagnant but well -mixed postfire cloud, however, would be ex- 
pected to be affected by both heterogeneous and homogeneous 
nucleation. 



Fig. 12 Isothermal fog computation for AP/rubber binder propellant. 



Fig. 13 E/K as a function of the critical nucleus radius. 
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